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CHAPTERl 

Introduction 

1.1 Background 

Civil infrastructure facilities, including buildingsラbridges,transportation networks and 

public utilities must designed to satisfy the service requirement and withstand 

environmental events such as earthquakeラ windand snow. In engineering design, an 

important consideration is how to handle the unavoidable uncertainties of the 

environmental events and ensure structural safety. Several decades ago, many standards 

have recognized this problem. For exampleラthedesign wind speed and ground snow loads 

were recorded and determined from the probability distributions for the annual extreme 

fasted mile wind speed and the annual extreme ground snow load. For ordinary structures, 

the design value for these parameters is that value which has a probability of being exceed 

of 0.02 in any year (the 50-ye訂 meanrecuηenceinterval value). Similarlyラtheacceptance 

criteria for concrete strength in ACI Standard 318-14 [I] are designed to insure that the 

probability of obtaining concrete with a s仕engthless thanfc' is less than 10 percent. 

In the presence of uncertaintyラabsolutereliability is an unattainable goal. Howeverラin

current codes and guidelinesラtheload and resistance factors (LRF) are used to handle the 

effects of these uncertainties and the target reliability (in terms of the required safety 

index) is used to ensure structural safety [2-3]. Over the past 40 yearsラmanyresearchers 

have been working on the improvement of the method of structural reliability and the load 

and resistance factors design (LRFD) [ 4四6].Compared with the first自generation

probability-based limit states design (PBLSD) methods (the first and second order 

reliability methods), the third moment method offers advantages in both simplicity and 

accuracy. However, it leaves much to be improved in the 3M method. 

In structural engineeringラwitha given service lifetimeラreliabilityindex is an indicator 

of safety level. Converselyラ witha given critical reliability index (or critical failure 

probability）ラ theservice lifetime is an indicator of durability. To upkeep the safety and 



increase the service life of civil infrastructure facilities, a large amount of labor and 

money should be invested in maintenance or reconstruction [7-8]. Therefore it is also 

important to evaluate structural service lifetime with appropriate method. Considering the 

environmental uncertaintiesラprobabilisticmethod with high-efficiency and high-accuracy 

is required. 

1.1.1 Third-moment reliability index 

As shown in Fig. 1-1 aヲincivil engineering, R -S = 0 is the original criterion of survival 

and failure of structures, where R and S are the interior resistance and the exterior 

deterioration load effect, respectively. 

survival 

R-S>O 

も

ち／

年ン

X2 R 

・（X1,X2)
survival 

G(X) > 0 

failure 

R-S<O 

failurピ

G(X) <O G(X) = 0 

X1 s 
(a) Linear two-variable problem (b) Nolinear two-variable problem 

Fig. 1-1 Reliability calculation 

When evaluating structural reliability, the most important step is to calculate the failure 

probability (iム thereliability index) of a structure; this is given as 
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where X is a vector of random variables representing uncertain structural quantities and 

P1is the failure probability.fix) is the probability density function (PDF) of the limit state 

function G(X). The domain of integration, G(X）三Oラdenotesthe failure set, as shown in 

Fig. 1-lb (Nolinear two-variable problem is taken as an example). As shown in Fig. 1-2, 

the shaded area to the left of zero is equal to the failure probability. 

Difficulty in computing failure probability has led to the development of various 

approximation methodsラamongwhich the first-order reliability method (FORM) [9] is 

now used worldwide in engineering codes. Howeverラinthe case of multiple design points 

[10］ラFOR孔1is inconvenient. Because of insufficient accuracy when applying FORM to 
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nonlinear performance functionsラthesecond-order reliability method (SORM) [11] has 

been proposed to improve FORM. Although SORM is more accurate than FORMラitalso 

requires the calculation of the design point and the curvature of failure of the limit state 

at the design point. Howeverラwhenthe PDFs of the basic random variables are国企nownラ

neither FORM nor SORM are applicable. For such casesラsamplingsimulation methods 

[12田14]are known to be su伍cientlyaccurate; however, when the performance function 

is complicated or high reliability is required, such methods are time-consuming. 

f(x) 

0 μc G(X) 

Figure 1・2Illustration of the concept of failure probability 

3M methods have been proved to require neither iteration nor computation of 

derivatives and have no shortcomings associated with the design point [15]. However, 

existing 3M methods do have some limitations: in some cases, due to the method’s 

mathematical formula, existing 3M methods either cannot be used to calculate the failure 

probability or result in large e汀ors.By focusing on the problems in the mathematical 

formulae of existing 3M methodsラnamely,the inclusion of the square rootラtheunknown 

value of the denominatorラandthe logarithmic term in the approximation formulaヲthe

proposition of a simple 3M method with relatively high accuracy and no limitations is 

significant. 

1.1.2 Load and resistance factors 

Design codes have inco叩oratedprobabilistically-based load and resistance factor formats 

based on first and second order reliability methods [2-3]. Howeverラthereare inevitable 

shortcomings of the first and second order reliability methods. Then some simplification 

methods were proposed [ 15」7].According to the Mori methodラallrandom variables are 

assumed to have known PDFs and are transferred into lognormal random variables. 

3 



HoweverラthePDFs of some random variables do not obey lognormal distribution and are 

often di白cultto obtain. In Zhao’s research [15], the iteration computation of the target 

mean resistance is simplified to one time. But the applicable range is restricted for the 

inevitable mathematical limitations. Thereforeラ itis necessary to propose an easier 

method to completely avoid the iteration, at the same time, accurate enough, without or 

with less limitation in applicable range. 

1.1.3 Application of third圃momentreliability in structural durability 

Chloride-induced corrosion can shorten the service life of concrete structures. For 

countries like Japan, with a coastline of about 30ラ000km, the chloride corrosion is 

particularly serious. Reliable predictions of life cycle performance of concrete structures 

are critical to the optimization of their life cycle design and maintenance to minimize their 

life cycle costs. As shown in Fig. 1-3, the time of corrosion-induced failure can be 

expressed with respect to corrosion level. Engineers have always recognized the presence 

of uncertainty in the influence factors and probabilistic methods has been applied to solve 

the problemラtypically,Monte-Carlo (MC) simulation [18-19]. One of the reasons that 

MC simulation is widely used in probabilistic analysis of structural durability is that it is 

a simple simulation technique. It is possible to calculate the failure probability with only 

a little background in probability and statistics [20]. And it is accur剖ewhen the number 

of samples is large. However, the requirement of the distribution of random variables is 

inevitable. In the case of the performance function is complex or the reliability is very 

large, MC simulation is time-consuming. Therefore, in recent years the moment method 

is proved capable and applied to durability design [21-22]. The result of 3M method is 

identical with MC simulation but very few researchers chose it to do the probabilistic 

analysis [23]. One of the reasons is the existing 3M method is imperfect. Whether it is 

c百icientand applicable to structural durability design is required further verification. 

Although significant efforts have made by scientific committees and have led to 

specific publications [24-25］ラ inwhich probabilistic durability design is recommended, 

European regulation concerning durability of concrete structures [24] do not yet mention 

any threshold reliability level regarding the corroded RC structures. Moreover.ラthechoice 

of a threshold reliability level is not a straightforward task. According to usual 

probabilistic approach [24-26] the reliability level is expressed in terms of the reliability 

index /3. Some values have been proposed for the ta培etreliability indexラforinstance /3T 
= 1.3 in [27］ラ withthe assumption that corrosion is likely to start as soon as the steel is 

depassivated. For concretes of precast componentsラ alower valueラ/JT= 1ラ hasbeen 
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suggested recently in [27]. For different reliability requirementラtheinfluence mode of the 

environment and structure character on the durability design is yet to be studied. The 

proposition of an efficient and accurate 3M method to solve this problem is significant. 
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Fig.ト3Determination of service life with respect to corrosion of RC structure 

1.2 Objective 

This study is aim to solve three main problems. 

Firstly, the shortcomings of the existing 3M methods will be verified. A simple and 

accurate 3M method will be proposed without any mathematical limitations in equations. 

The proposed 3M methodラwithwider applicable range, can be applied to analyze the case 

that is out of the applicable range of the existing methods. Both the reliabilities of simple 

structure and system will be analyzed with the existing methods and the proposed method. 

Moreoverラwiththe new methodラthestructural reliability design is safe and material-

saving. 

Secondlyラtheproposed 3M method will be used in the calculation ofload and resistance 

factors. Simultaneouslyラthetwo step recursive optimization in the computation process 

of the target mean resistance will be further simplified to no iteration. And the 

computation accuracy of the new method will be higher than the existing methods in most 

cases. 

Thirdly, it will be proved that the proposed 3M method is applicable to the structural 

durability design. The RC structures in chloride-rich environment will be taken to be 

analyzed. A full set of methods will be proposedラ includingthe sensitive analysis of 

environment influence factorラthecorrosion and cover cracking prediction and reliability 

evaluation of structures. 
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1.3 Organization 

Chapter 2 

Previous research 

Application 
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Chapter 4 

Load and resistance factors 

Chapter 5 I : 

L＿ーーーーーーーーーーー

The background and pervious research were introduced in Chapter 1 and 2, respectively. 

The thesis consisted of two parts: (1) proposition of a simple third-moment method 

(Chapter 3）ラ（2)applic剖ionof the new method (Chapter 4 and 5). Then the application 

was divided into two parts: the application in the calculation ofload and resistance factor 

(Chapter 4) and the application in probabilistic durability design (Chapter 5). In Chapter 

4ラtheanalysis focused on the structures under loads (e.g. dead load, live load, wind loadラ

snow load et alよwhilein Chapter 5ラtheanalysis focused on the corroded structures in 

chloride-rich environment. In Chapter 4, the reliability assessment was given based on a 

design service life. More than the application of 3M methodラ simplificationof the 

calculation process of load and resistance factors was given in Chapter 4. Similarly, the 

corrosion evaluation method of RC structures was also improved. The reliability analysis 

in Chapter 5 was translated into probabilistic durability design, which means based on a 

given critical reliabilityラtheservice life of structure was predicted. In fact, the analysis in 

Chapter 5 was an inverse operation of the analysis in Chapter 4. 

In the last Chapter, the significant innovations in Chapter 3 to 5 was summarized and 
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the shortcoming in this thesis was pointed out. 
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CHAPTER2 

Previous research 

2.1 Introduction 

There are a lot of methods of reliability indexラasintroduced in Chapter 1. In Section 2.2, 

the details of four typical methodsラnamelyラFORM,3M-l, 3M-2 and MC simulation were 

introduced and the shortcomings of them were further analyzed. Because of the proposed 

method is an improved method of the existing 3M methods, 3M-1and3M-2ラtheywere 

emphatically introduced in this section. 

In Section 2.3ラthreemethods for the calculation ofload and resistance factorsラnamely,

ASCE method, Mori’s method and Zhaoラsmethodラwereintroduced. The details of the 

calculation process and the comparison of them were given. And the advantages and 

limitations of the existing 3M methods were emphatically analyzed. 

In Section 2.4ラtheapplication of 3M method in durability analysis of RC s仕uctures

was introduced. Especially the sensitive analysis of the influence factorsラsuchas the mean 

valueラthecoefficient of variation of them was proposed. The process of modeling the 

corrosion initiation and cover cracking and predicting the service life of RC structures 

was introduced in details. The comparison of 3M method and other methods in durability 

analysis was presented. Moreoverラtheshortcomings of the existing corrosion models of 

RC structures was pointed out. 

2.2 Existing methods of reliability index 

2.2.1 First-order reliability method (FORM) 

As introduced in Chapter lラthelimit state function could be linear or nonlinear due to the 

relationship and distributions of random variables. If the joint probability density function 

(PDF) of the random variables decays rapidly as one moves away from the minimum 

distance point, then the first-order estimate ofreliability is quite accurate. If the decay of 

ハリー



the joint PDF is slow and the limit state is highly nonlinear, then one has to use a higher-

order approximation for the reliability computation. Consider the two limit states shown 

in Fig. 2-1ラonelinear and one nonlinear. Both limit states have the same distance point, 

but the failure domains are different for the two cases. The FORM method will give the 

same reliability estimate for both cases. But it is apparent that the failure probability of 

the nonlinear limit state should be less than that of the linear limit state, due to the 

di旺erencein the failure domains. The curvature of the nonlinear limit state is ignored in 

the FORM method, which uses only a first-order approximation at the minimum distance 

point. Thus the curvature of the limit state around the minimum distance point determines 

the accuracy of the first-order approximation in FORM. 

X2 

fJ 

G(X) < 0 

(unsafe state) 

G(X) > 0 

(safe state) 

G(X) = 0 

X1 

Fig. 2-1 Linear and nonlinear limit state 

The Taylor series expansion of a general nonlinear function G(X1, X2, ...ラXn)at the 

value (x1 *, x2 *, ...ヲx/)is [1] 

品号『（ ¥ a 
G(X1ラX2，…ラXn)= G(x1, x2ラ・・吋xn)+よJ..x-x）ー丘一

I了＇i i J (Ki 

寸 l~許－x;Xx1-x；）長＋
where the derivatives are evaluated at the design point of the X's. 

(2-1) 

The variables (X1ラX2,・・・ラXn)are used in Eq. (2-1) in a generic sense. One should use 
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the appropriate set of variables and notation depending on the space being considered. In 

the case of reliability analysisラthefirst-order or second-order approximation to G(X) is 

being constructed in the space of standard normal variablesヲ atthe minimum distance 

point. Howeverラthisdesign point is not a priori known hence should be determined by 

iterative method. The details of iteration was not discussed in this thesis. 

2.2.2 Third-moment method (3M method) 

2. 2. 2.1 Principle of 3M method 

Without loss of generality, the limit state function Z can be standardized by 

Z-μr; 
Z，＝一一一ー (2-2) 

σ－ G 

whereμa and σG are the mean and standard deviation of G(X), respectively. 

According to the definition of the probability, the failure probability can be expressed 

as 

where 

ρ ＿ μG －－ Fん2M
σ G 

is the second-moment (2M) reliability index. 

(2-3) 

(2-4) 

Suppose the standardized variable Zs can be expressed as a function of its third moment 

α3G; 

Zu =S(u，α3G) (2-5) 

where u is the standard normal variable, and α3G is the skewness of G(X) [2]. 

Substituting Eq. (2-5) into Eq. (2-3), the failure probability can be expressed as 

え＝P[zu = S(u，αJ壬一β2M] (2-6) 

if the inverse function of S is 

u = s-1(Zu) (2-7) 

According to Eqs. (2-6) and (2-7）ラitis not difficult to obtain 

12 



号二P[u豆S1(-P2M）］＝φ［s-1(-P2M )] (2旬8)

Thereforeラthereliability index is expressed as 

p3M ＝－φ1(1う）=-S 1(-/J2M) (2・9)

For the first three moments of G(X) used in Eq. (2曲9）ヲthereliability index calculated 

by Eq. (2-9) is called the 3M reliability index-thus the name, the 3M reliability method. 

From Eq. (2-9), if the inverse function of S(u) is obtainable, the 3M reliability index can 

be given. 

2.2.2.2 3M method based on 3P lognormal distribution 

With the first three moments of the performance function z = G(X), assuming that Zu 

obeys three-parameter (3P) lognormal distribution [3], the relationship between Zu and u 

1s given as 

日 （u (2-10) 

where 

A=l＋工u; (2-lla) 
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(2-llb) 

α ニ －t(i+Hb~右目 (2-llc) 

where Sign(x) is -1ラ。ラ or1 while x is negativeラzeroラorpositiveラrespectively.

The relationship between Ub and αJG is given as 

九二一（寸）士 (2-12) 

For small α3G, i.e.ラα3G乏しit has been derived that [ 4] 

Z二百l叶午（uーそ）］｝ (2-13) 
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〔 3 ( 1 ) 
U二こと十一－lnl1一一αぃ ZI
6α3G ¥ 3 G ") 

(2-14) 

According to Eqs. (2-9) and (2ー14）ラthe3M reliability index is obtained as 

ん1 ＝ーそ－~ァ（1十3Gj32M) (2-15) 

2.2.2.3 3M method based on 3P square normal distribution 

In another formula of the 3M reliability index, Zu is assumed to obey 3P square normal 

distribution [5], the u-Zu transformation is expressed as 

Zu =S(u)=a, ＋α2U＋α3U2 

where 

3寸 4 ベ中！
。2=Jlゴ~

~ian－｛~J 
For-1 ＜α30 <1ラa3can be simplified as [ 6] 

α3＝α日／6

where the simplification eηor is less than 2%. 

Then, it can be derived that 

zu =i川ーが）－u
U二J9＋α：G-6αぉzu-3 

α3G 

Using the relationship in Eq. (2-9）ヲthe3M reliability index is obtained as [7] 

β 3-J9＋αん－6α3G/32/v! 
3/v! 2ー

α3G 

2. 2. 2. 4 Limitαtions of existin 3M methods 
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(2田16)

(2-17) 

(2-18) 

(2田19)

(2-20) 

(2-21) 

(2-22) 

(2-23) 



It has been shown that the applicable range of fhMーland /hM-2 is expressed as 

-120r 40r 
一士一一三α3G三τ一
ド2M f/2M 

where r is the allowable relative difference. 

(2-24) 

However, there are other limitations for the calculation of the reliability index for fhM 

1 and/hM-2・

Firstラforthe antilogarithm of Eq. (2-15）ラthelimitation is 

1 － ~α3Gβ2M >0 
α3Gβ2M <} 

where α3G =j:. 0. 

(2-25) 

Furthermoreラforthe square root of the numerator and the variable of the denominator 

in Eq. (2-23), the following qualification should be observed: 

9＋αIG -6α3Gβ2M 20 

6α3Gβ2M豆9＋α；G
β ＜9＋αL 
2M - / 
vα3G 

(2-26) 

where α3G =F. 0 also. Fig.2-2 shows that the difference between the two reliability 

indices increases as Iα3G[ increases; the further α3G is from Oラ出egreater the c汀or.In fact, 

in the case of negative α3G, the exact value calculated by Monte-Carlo (MC) simulation 

is in the middle of the two reliability indices calculated by /hM 1 and /hM-2. Furthermoreラ

in the case of a positive α3G, the result of MC simulation is below the values of fhM-I and 

flJMふ Becausethe MC simulation can only be used for analysis of practical examples, 

different 3M reliability indices will be compared with MC simulation results in Chapter 

3. 
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Fig. 2-4 /33M with respect to /32M （α3G < 0) 

As shown in Figs. 2-3 and 2-4ラthesmaller the /32M, the smaller the difference between 

the two reliability indices and the more reliable the approximate valueラwherethe dotted 

line is the 2M method. Figs. 2-3 and 2-4 show that the difference between the two 

reliability indices is greater when αJG is positive comp訂edwith the case when α3G is 

negative. In other words, the 3M method is more applicable when αJG is negative. 

According to the formulae mentioned aboveラonecan see that: 

(1) IfEq. (2凶15)cannot meet the limitation ofEqs. (2四24)and (2-25), the 3M reliability 

Fig. 2-3 /33M with respect to /32M （α3G > 0) 
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(2) IfEq. (2-23) cannot meet the limitation ofEqs. (2-24) and (2-26）ラthe3M reliability 

index cannot be defined. 

(3) If the value of /hMor Iα3GI is largeラtheircalculation error will be great. 

2.2.3 Monte-Carlo simulation 

Monte-Carlo (MC) simulation is a special technique that we can use to gener剖esome 

result numerically without doing any physical testing. We can use results of previous tests 

(or other information) to establish the probability distributions of the important 

parameters in our problem. Then we use this distribution information to generate samples 

of numerical data. Take G(X) = R -Sas an exampleラwhereR and Sare normal distribution 

and lognormal distribution. The basic procedure is as follows [8]: 

1. Randomly generate a value of R using its probability distribution information: the 

mean valueラthecoefficient of variation and distribution type. 

2. Randomly generate a value of S using its probability information. 

3. Calculate G(X) = R S. 

4. Store the calculated value of G(X). 

5. Repeat steps 1-4 until a sufficient number of G(X) values have been generated. 

6. Estimate the failure probability as 

n number of times that G(X) < 0 
F ー

1. f -totalnumber of simulated G(X)values 
(2-27) 

The cηor (in percent) of a MC solution with a given sample size N can be evaluated as 

い）＝20~ (2-28) 

where P is an unbiased estimate of the probability Pf・ 

To insure the accuracy of reliability calculation using MC simulationラthesample size 

should be large enough and an appropriate software such as MATLAB and 

MATHEMATICA should be applied. 

2.3 Existing methods of load and resistance 

2.3.1 Principle of load and resistance factors 
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Based on the LRFD formatラ theperformance function in structural design can be 

expressed as 

世'iR_n三LY,Qm (2-29) 

where ¢ is the resistance factorラy;is the partial load factor to be applied to load SiラRnis 

the nominal value of the resistance, Qn; is the nominal value of load Qi・

In reliability-based designラtheload and resistance factorsゆandy; should be determined 

with a specified reliabilityラcalledthe target reliability. ThereforeラEq.(2-29) should be 

probabilistically to the following equations. 

G(X)=R-LQ (2-30) 

where R and Q; are random variables representing uncertainty in the resistance and load 

effectsラrespectively.

For a given target reliability βT or target probability of failure PpラEq.(2-30) can be 

expressed in terms of probability: 

/3 三三p’ pf 三pj7 (2-31) 

where /3 and P1 are the reliability and the probability of failureラrespectively.

If R and Q; are mutually independent normal random variables, the second-moment 

(2M) method is correct and the design formula is expressed as 

β2M三βT (2-32) 

where 

。一μz－－－ ~2M 
σ z 

μz =µR ーエµQ， ラ σz ＝~σ~+ L:o-6, 

(2-33a) 

(2-33b) 

where /32M is the 2M reliability index; μz and σz are the mean value and standard deviation 

of the performance function G(X), respectively; μRand (JR are the mean value and standard 

deviation of Rラrespectively;and μQ; and σQi are the mean value and standard deviation of 

Qiラrespectively.

Substituting Eq. (2-33) in Eq. (2-32), the load and resistance factors can be expressed 

as 

は1－αλ/3T）~ Lμs, (1 ＋αQ, VQ,/JT) (2-34) 

Comparing Eq. (2-34) with Eq. (2-29), the load and resistance factors can be expressed 

as 
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ゅ＝（1－αλ払）1/t

r, ＝い品川を

(2-35a) 

(2-35b) 

where VR and VQi are the coefficient of variation for R and Qi, respectively; and αR and 

αQi are the sensitivity coefficients of R and Qiラrespectively.ラwhere

α 一σR －σQ; 一一一 α 一一一－Rーラ Q;

σz －・σz  
(2-36) 

As introduced aboveラthe2M method is based on the assumption of all the variables 

obey normal distribution and are independent of each other. In the case of R and Qi are 

other random variablesラ the2M reliability in Eq. (2-33) is incorrect. Therefore other 

methods were proposedラtypically,the FORM [9]. The load and resistance factors can be 

obtained as 

ゆ二どri二Q*
Rn , Qm 

(2-37) 

where RキandQt are the values of the variables R and Qiラrespectivelyラatthe design point 

of the FORM. Because Rネ andQi* are usually obtained using derivative-based iterationsラ

explicit expressions of R* and Qt are not available. Some simplifications have been 

proposed to avoid iterative computations. 

2.3.2 Mori method 

As an approximate methodラ allof the variables are considered obeying lognormal 

distribution and are independent of each other. The load and resistance factors can be 

expressed as [l O] 

九＝戸方e布川βT）含 (2-38a) 

＝？主寸劇－αRSR/Jr）与、1+ Vf .. .. . K,, 
(2-38b) 

where VQi and VR are the coefficient of variation of the loads and resistanceヲ （Qiand (R訂e

the standard deviation of lnR and lnQ. 

1;2ニ ln(l+ v2) 

The sensitivity coefficients of R and QiラαRand αQi are calculated by 

αR＝αR ・U 
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＊ 

α ＝α ・U Q, o. 

where 

α栴 σlnR

R JσIn/+ 2.:(clσlnQ1 )2 

c，・0-lnO,

αQ, - ~σin/+ L(c~σJ 

1.05 
Uニ 〆、

{ , ¥ (max｛に｝－0.6j 
1-~1- ~（α；）2 +(m瓜｛弘｝)2 ）－φl ム！

( ..t~， ＋＿！＿σ2 ）~~Q, 
C, = 2 lnQ, Gn Qm 

エム 1 21 Qnj μQ1 exo1λ ＋ σ ！ 
, ¥_ Q1 2 Inめ jGn Q町

where 

/l~， - the mean value ofln(Sn/μs;); 

Gn - the nominal value of dead load; 

μs/Sn; - the rate of the mean value and the nominal value ofload; 

φ－ standard normal distribution function. 

2.3.3 The existing 3M method 

(2-39b) 

(2-40) 

(2-41) 

(2-42) 

(2-43) 

In Zhao冶3Mmethod based on 3P-lognormal distribution (3M-I) (11 ], the two step 

recursive optimization is used to avoid the iteration computation: 

μIび＝L:μQ, ＋β2Tσz 

μRo= LμQ, ＋ ~β；乞σ；

where 

μRTー thetarget mean resistance; 

μRO -the original target mean resistance; 

σz -the standard deviation of G(X); 

/32Tー thetarget 2M reliabilityラwhichis obtained by the 3M method 
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(2-45) 



ん＝ーす－えm(1－~仏M) (2明46)

The inverse function of Eq. (2-46) is expressed as 

β2Tニ去｛1叶午（－β3T引］｝ (2-47) 

where 

α3Z ＝去（角川ーエα3S片） (2-48) 
~z 

The steps for determining the load and resistance factors using this method are as 

follows: 

1. Calculate μRo using Eq. (2-45). 

2. Calculate σzα3z and /hT using Eq. (2-33b), Eq. (2-48) and Eq. (2-47), respectively. 

3. Calculate μRT with Eq. (2-44). 

4. Repeat step 2 with μRT. Then with the values of σみ α3zand fhT, calculate αR and αQi 

with Eq. (2-36). 

5. Determine the load and resistance factors with Eq. (2-35). 

The shortcoming of the calculation process is that one time iteration calculation of σみ

α3z and /hT is inevitable. And Eq. (2-47) is complicated. When Equation (2-46) is used 

for the calculation of 3M reliability, there is a mathematical limitation in as 

2.3.4 ASCE method 

3 
α3Zくー士一

γ2M 

(2-49) 

According to ASCE 7-10ラthe“principle action-companion action”format is proposedラin

which one load is taken at its maximum value while other loads are taken at their point皿

in-time values. Based on the comprehensive reliability analysis performed to support their 

developmentラitwas found that these load factors are well approximated by [12] 

Yo= (μQ/QnXl十円βvo) (2・50)

in which αQ is a sensitivity coefficient that is approximately equal to 0.8 when Q is a 

principal action and 0.4 when Q is a companion action. This approximation is valid for a 

broad range of common probability distributions used to model structural loads. The load 

factor is an increasing function of the bias in the estimation of the nominal loadラ the
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variability in the loadラandthe target reliability indexラascommon sense would dictate. 

As an exampleラtheload factors in the following combination are based on achieving a 

fJ of approxim瓜ely3.0 for a ductile limit state with moderate consequences (e.g.ラ
formation of first plastic hinge in a steel beam). 

l.2D + I.6L + 0.5(Lr orSorR) (2-51) 

where D is dead loadラLis live loadラLris roof live load, Sis snow load and R is rain load. 

For live load acting as a principal action, μQIQn = 1.0 and VQ = 0.25; for live load acting 

as a companion actionラμQIQn:::::;0.3 and VQロ0.6.Substituting these statistics into Eq. (2-

51), YQ = 1.0[1 +0.8(3)(0.25)] =1.6 (principal action) and YQ = 0.3[1 +0.4(3)(0.6)] =0.52 

(companion action). If an engineer wished to design for a limit state probability that is 

less than the standard case by a factor of approximately 10ラ fJwould increase to 
approximately 3.7ラandthe principal live load factor would increase to approximately 1. 7 4. 

Similarlyラresistancefactors that are consistent with the aforementioned load factors 

are well approximated for most materials by 

ゆ＝{μRj RJexp［一円β九］ (2-52) 

in which αR is a sensitivity coe百icientequal approxim瓜elyto 0.7. For the limit state of 

yielding in an ASTM A992 steel tension member with specified yield strength of 50 ksi 

(345MPa), μRf Rn= 1.06 (under a static r瓜cofload) and VR = 0.09. Eq. (2-52) then yields 

ゆ＝ 1.06 exp[-(0.7)(3.0)(0.09)] = 0.88. The resistance factor for yielding in Section D of 

the AISC Specification (2010) [13] is 0.9. If a different performance objective were to 

require that the target limit state probability be decreased by a factor of 10ラthen¢would 

decrease to 0.84ラareduction of about 7%. Engineers wishing to compute alternative 

resistance factors for engineered wood products and other structural components where 

duration-of-load e宜ectsmight be significant are advised to review the reference materials 

provided by their professional associations before using Eq. (2-52). 

There are two key issues that must be addressed to utilize Eq. (2-50) and Eq. (2-52): 

selection of reliability indexラβ，anddetermination of the load and resistance statistics. 

2.4 Probabilistic durability analysis of chloride-corroded RC structure 

2.4.1 Overview of mechanisms of chloride ingress into concrete structures 

In generalラ chloridepenetration through concrete can be empirically described by 

Fickラssecond law: 
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α叶I-er｛古）］ (2-53) 

where 

C(x,t) - the chloride content at a distance x (m) from the concrete surface at time 

(%/m3); 

Cs -surface chloride content (%/m3); 

D - diffusion coefficient for chloride (m2/s); 

t-time (s); 

eゲー・Gaussianerror function. 

By replacing the parameter to the cover thickness ( c) of the concrete structure, the 

initiation time for corrosion is obtained from the following formula: 

ιベ［I-er~刃去d]
where 

Ccr -the critical chloride content (%/m3); 

cー theconcrete cover (m); 

to -the initiation time of corrosion (s). 

(2-54) 

This formula can be simplified by using a parabola function and re-written in the 

following form for initiation time of corrosion to [14]: 

to＝古（1一山rJ' (2-55) 

As an inherent and inevitable phenomenon in the formation of concrete mixture, early-

age micro cracking will obviously influence the chloride penetration into concrete and 

consequently the time to corrosion initiation. Previous study [15] has already found that 

the patterns of chloride penetration in cracked concrete are obviously different with that 

in sound condition. The diffusion coefficient D here can be divided into two parts (namely, 

Der and Doラasshown in Fig. 2-5 and is expressed as: 

DA  +DAA 
D = :r 白 ：r J (2・・ 56) 
Acr +A 

where Der is the value of chloride diffusion coefficient inside the early-age micro crackingラ

Do is the corresponding value for sound訂ea,Acr is the area of micro cracking (m2）ラAis 

the exposed surface area of the concrete element (m2). 
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c1t上以」十コ斗
Fig. 2-5 Partition hypothesis of chloride diffusion through cracked concrete 

It has been indicated that the value of chloride diffusion coe旺icientinside a crack of 

concrete cover (namely Deハm2/s)is independent of material effectsラevenif tortuosity 

and roughness are different. Djerbi et al. suggested the following relationship between 

the crack width wo in concrete cover and its diffusion coefficient Der inside the crack: 

{D，二2×10一II町一4
Dσ 完d4×10一10ラWo；と80戸η

(2-57) 

Besides penetration in the micro cracked area of concrete cover, the chloride will also 

diffuse in its sound area, as follows: 

D。＝λふλ1D2& (2-58) 

where 

Ahー thecorrection coefficient for environmental relative humidity h (% ); 

ATー thecorresponding coefficient for temper瓜ureT(K); 

ん－the same coefficient for exposure time t1 (day); 

D2sー thechloride diffusion coefficient for a specimen under standard curing (28 days): 

D28=10（一1206+2.4附） (2-59) 

where w/c is the water-to-cement ratio. Also the parametersλhラ Atラ andAT can be 

respectively expressed as: 
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(2-60) 

人＝（？）” (2-61) 

ん叶＊（去叶 (2-62) 

in which 

heー thethreshold relative humidity (hc=75%); 

t2s -the time of standard curing (28 days); 

24 



m - the age factor related to wlc by m=3(0.55 wlc); 

Uー theactivation energy equal to 35000 J/mol; 

R - the gas constant; 

T2sー thetemper瓜urefor standard curing on day 28 (293 K). 

2.4.2 Corrosion probability prediction of RC structures 

Depending on the variable of interestラ thecorresponding performance function can be 

formulatedラgenerally,as the difference between a term that is equivalent to a "resistance” 

and a term that is equivalent to a“load or load effect”. For example, the teロn“resistance刊

here is the threshold chloride concentration Cth・Similarlyラtheterm“load c百ect”isthe 

chloride concentration at the steel at given time ムCc,t.Thereforeラthelimit state function 

for corrosion initiation can be formulated as follows [16]: 

g(C,,cラDヲccr)=ccr一cc,t(cs,cラD,t)

Hence: 

g(CsラCラDヲCcr)= 0 ＝“limit state”． 

g(Cs, c, DラCcr)> 0 ="desired state’＇，or “un-corroded state円．

g(Cs, c, D, Ccr) < 0 ＝“corrosion stateヘor“failure state円．

(2-63) 

The limit state equation g( Csラc,D, Ccr) = 0 can be represented geometrically by an n-

dimensional surface, which is referred to as a “failure surface門 orin the case “corrosion 

initiation surfacザ.Using Fick’s second law of diffusion of Eq. (2-53）ラ thelimit state 

function for the corrosion time can be formulated as a function of four variables, as 

followsラ

心 D,CcJ=Ccr -cs(lイ志） (2-64) 

The probability of corrosion at time t corresponds to the integral of the probability 

density functionβ伊）on the corrosion domain, as follows: 

Pr= t（仁，c,D,C＂仰ん（C5,C,D,Ccr (2-65) 

In Saassouh's paperラFORMand SORM methods are used to analyze the probability of 

corrosion of RC structures, while MC simulation is applied as a contrastive method. From 

the results of the examplesラbothFORM and SORM are in great agreement with MC 

simulation. Howeverラinthe case of the coefficient of variation of random variables is 

largeラtheerrors of FORM and SORM are large. As we knowラtherandom variables in 

chloride-rich environment are changeable, such as the chloride concentration on the 
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concrete surface. The coefficient of variation of these random variables can be quite large. 

Thereforeラamethod, with higher accuracy and efficiencyラconvenientfor application, is 

considered to be significant. 

2.5 Conclusions 

In this Chapterラseveraltypical previous research are introduced in details. 

(1) In Section 2.2ラthewidely used FORMラ2M,two methods of 3M and MC simulation 

were introduced. 

(2) In Section 2.3ラ theapplication of moment method in calculation of load and 

resistance factors is introduced. Three typical applications in AIJ design guideline (Mori’s 

and Zhaoラsmethod) of Japan and ASCE 7-10 of Americ<1; were introduced. 

(3) In Section 2.4ラ theapplication of moment method in prediction of corrosion 

probability of RC structures in chloride-rich environment was introduced. A brief 

introduction of mechanisms of chloride ingress into concrete structures was given. Then 

establishment of the probabilistic model of the corrosion process was introduced. 

Based on these previous researchラ newmethods and several improvements will be 

proposed in Chapter 3-5. 
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CHAPTER3 

Proposition of a new 3M reliability index 

3.1 Introduction 

In this chapterラtwonew third-moment reliability indices were proposed. According to the 

accuracy comparison of two proposed reliability indicesラoneof them was selected as the 

new index. In Section 3.2ラfirstlyラtheproposition of the reliability index was introduced. 

Then the advantages and disadvantages were analyzedラrespectively.The applicable range 

and the comparison with existing 3M methods were also given. In Section 3.3, various 

examples were used to veri命theapplicability of the proposed method. In the analysis of 

these examplesラtheresults of the second-moment (2M), 3 M-1, 3 M-2 methods and the 

proposed 3M-3 method were compared with the result of MC simulationラrespectively.

3.2 Proposed 3M method 

3.2.1 Proposed formulas 

In order to overcome the limitations and insufficient accuracy of current 3M reliability 

indices, the variation roles of the 3M reliability indices with respect to the 2M reliability 

index and the third moment of the perfoロnancefunction are thoroughly investigated. 

As introduced in Section 2.2, in the case of α30 < 0, the accurate reliability index is in 

the middle of results calculated by 3M-1 and 3M-2. Fitting the average value of fhM-1 and 

/hM-2, two new 3M reliability indices in the form of exponential白nction,using a trial and 

eηor methodラcanbe proposed. 

And in the case ofα30→Oラwithaid of a first-order Taylor expansion of€!, it has already 

been shown that both /JJM-I and /JJM-2 have the same limit when仰→0[1］ラexpressedas 

f32M十3品－1) (3明1)
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In order to obtain the same equationラthefollowing two formulas are proposed: 

/J3M-3 ＝叫2+)"1c｛βヰl] (3-2a) 

ん－4＝利子戸川 (3-2b) 

where both /hM-3 and /J3M-4 are fitting equations for the average value of /]3M-I and /]3M-2. 

In the case ofα30→0ラ/J3M-3and /J3λ1-4 have the same limit as /J3λ1-1 and /J3λ4二2ラexpressed

as 

~ w[2+e~＂＂ 

(3-3a) 

二 β2M十3品－1)

/J3M-4刊；Jい
台」：＋1 (3-3b) 

＝β2M十3Gいん－1)
Compared with /JJM-1ラ bothtwo formulas do not include any logarithmic term. 

Compared with /JJM-2, they do not include any squ訂eroot. With the calculation error in 

an acceptable range, both of them are theoretically applicable for calculating the 3M 

reliability index in all cases except /J2M→0. 

In the case of /32M→Oラbothlim/JJM-3 and lim/JJM-3 are expressed as 

10.αor~ 0 

fJ.lim0＋ん二1 ~CI -- 0 
2M→ ｜十∞‘α吋戸くり

(3-4a) 

10.αor壬o
/J2~~0-/J3M二iJV 0 l-C()，α3G ~ υ 

(3-4b) 
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That is to sayラbothof two proposed 3M methods are not applicable to the case of/hM 

→0. However.ラinengineering practice the reliability index is usually much larger than 0. 

3.2.2 Accuracy of the proposed formula 

Compared with /33M-I and /33M-2, the accuracy of /33M-3 and /33M-4 is analyzed. As shown in 

Fig.子laand 3-lbラthecomparison of /33M-3 and /33M-4 is given for /32M = 1ラ2ラ3ラ4.In the 

case ofα3G < 0, the reliability calculated by /33M-3 is in the middle of the results calculated 

by /33M-I and /33M-2, while the reliability calculated by /33M-4 is slightly lower than the results 

calculated by /33M-I and /33M二2・Thatis, the proposed method /33M-3 is more accurate than 

/33M-4. In the case ofα3c> 0ラboththe reliabilities calculated by /33M-3 and /33M-4紅clower 

than the results of /33M-I and /33M-2. As introduced in Section 2.2ラinthe case ofα3c>Oラthe

accurate reliability calculated by MC simulation is lower than the results calculated by 

/33M-I and /33M品 bothof /33M-3 and /33M-4訂cmore accurate than /33M-I and /33Mム whichwill 

be analyzed in the following section. Considering the formula of /33M-3 is simpler and more 

accurate than /33M-4, /33M-3 is finally regarded as the proposed method. 

7 7 
ご~ 三号

α::i.. 6 一一3恥1-1
一一3孔1-2 ー－3M-2

5 一－3M-3 5 -3M-4 

4 4 

3 3 

2 2 

0.5 
a 3G 

－ZE
A
 

A
U
 

。
-0.5 。 -0.5 。 0.5 

a 3G 

Fig. 3-laβ3M-3 with respect toα3G Fig. 3-1 b /33必 4with respect toα3G 

The changes of /33M-I, /33M-2, and /33M】3with respect to /32M are depicted in Figs. 3-2 and 

3-3 for α3G = 0.3ラ0.6ラ 1.0and -0.3, -0.6ラ－1.0.One can see that the differences among 

the three 3M reliability indices are smaller when α3G is negative than when it is positive. 

Because /33M-I and /33M-2 are not accur剖cwhenαJG is large (i.e.ラpositive）ラitis too early to 

evaluate the accuracy of /33M-3 based only on comparison with /33M-I and /33M-2・
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一一3M-2 f必タ

1.5 一－3M-3 1.5 

1.5 2 2.5 3 3.5 4 4.5 5 1.5 2 2.5 3 3.5 4 4.5 5 

13 2M 。2M
Fig. 3-2 /33M-3 with respect to /32M （α3G > 0) Fig. 3-3 /33M-3 with respect to /32M （α3G < 0) 

In Tables 3-1 and 3-2, the relative di能renceis given as r = 21/3肝－/J3M-31/（んv十戸3M-3）ラ

where /3av is the average value of /33M-I and /33Mふ Itis shown that for the cases of 2三/J2M

三4and 1.0三α3G三0.3,the relative difference remains at less than 5%. B凶 2三/J2M三4

and-1.0 :Sα3G三0.3are not the applicable range of the proposed method. For the case of 

α3G > 0.3 or /32M> 4ラtherelative di首位enceis insignificantラbecauseboth /33M-I and /33山

are inaccurate at this range. In other words, it is possible that the applicable range of the 

proposed method is wider than the existing methods, 3M-l and 3M-2. Further comparison 

of the existing 3M methods and the MC simulation is given in Section 3.3. 

Table 3-1 The relative difference between /33M-I, /33M-2, and /33M-3 （α3G > 0) 

F山 2.0 3.0 4.0 5.0 

α3c;> 0 0.43 0.6 0.73 0.31 0.41 0.48 0.23 0.31 0.35 0.19 0.24 0.29 

Relative 
2% 5% IO号b 2% 5% 10% 2% 5% 10% 2% 5% 10与も

difference 

Table 3-2 The relative difference between /33M-I, /33M-2, and /33M-3 （α3G< 0) 

/32M 2.0 3.0 4.0 5.0 

α3G < 0 -0.8 -1.72 -4.18 -1.6 -2.21 -15.74 -0.81 -1.13 -1.56 -0.57 -0.79 -1.09 

Relative 
2% 5~も 10~も 2% 5% 10% 2~も 5~も 10% 2~も 5% 10% 

difference 
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3.2.3 The corresponding relationship between Zu and u 

According to Section 2.2.2.1 (Eq. (2-6)-(2-9リラthecorresponding Zu of Eq. (3同2a)can be 

expressed as 

：トシG(Z，，去l]

-2 

-2.5 

悶3

-3.5 

-4 

-4.5 

-5 

一一Eq.(3-5)
ー一Eq.(3・6)

0 3G=-0.6 

I 1.5 2 2.5 3 3.5 4 4.5 5 
z 
u 

Fig. 3-4 Comparison of Eqs. (3-5) and (3-6) 

(3・5)

Zu can be expressed as the inverse function of Eq. (3-5). Because the inverse function 

of Eq. (3-2a) is nonexistent, the approximate function can be obtained and Zu can be 

expressed as 

Z二三［1ベ (3・6)

In the case of αJG equals -1 to 0.5 and Zu equals -4.0 to -1.0ラthec町orsof Eq. (3-6) 

compared with (3-5) are certified to be less than 7%ラasshown in Fig. 3-4. 

3.3 Application of the proposed reliability index 

3.3.1 Influence of distribution type 

3. 3. I. I Introduction of common distribution 砂pes
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(1) The Normal distribution 

The best known and most widely used probability distribution is undoubtedly Normal 

distribution. Its PDF for a continuous random variable Xヲisgiven by 
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(3-7) 

whereμ and σare the mean and standard deviation of X. 

(2) The Lognormal distribution 

The random variable X is a Lognormal random variable if Y = ln（幻 isnormally 

distributed. The Lognormal distribution is also a popular probability distributionラitsPDF 

lS 

んか）古叶－l（引い。 (3-8) 

where λ＝E(InX) and ζ＝J広；VnX), are the parameters of the distribution, which means 

that these parameters are, respectivelyラalsothe mean and standard deviation of lnX. 

(3) The Gamma distribution 

The PDF of a gamma random variable is useful for modeling sustained live load in 

buildings. In generalラtheGamma distribution for a random variable Xhas the following 

PDF, 

んか）＝ヱω竺e-vx
か） (3-9) 

=0 x<O 

where v and k are the parameters of the distributionラandf(k) is the gamma function 

巾）=fa'" xk le xむ wherek三1.0 、‘，，ノ
ハ
リ11
 

今

J
／
’
I
 

( 4) Extreme Type 1 -the Gumbel distribution 

Extreme value distributionsラ asthe name impliesラ areuseful to characterize the 

probabilistic n剖ureof the extreme values (largest or smallest values) of some 

phenomenon over time, such as the wind speed. The PDF of the Gumbel distribution is 

ム (y）二 αne叫（y-un)ex~－ e-a.（門 (3-11) 
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in which 

Un - the most probable value of九

αn - an inverse measure of the dispersion of value of九

(5) Extreme Type 2 -the Frechet distribution 

The Frechet distribution sometimes gives the best approximation of the distribution of 

the maximum seismic load applied to a structure. The PDF is 

んか）=!:_I互）二い／x'f 
U ¥XI 

where u and k are the distribution parameters. 

(3-12) 

( 6) Extreme Type 3 -the Weibull distribution 

The PDF is 
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XくO

3.3.1.2 Influence anα＇lysis of distribution type 

The simple R -S reliability model is considered. 

G(X)=R-S (3-16) 

where R and S are the interior resistance and the exterior deterioration load effectラ

respectively. 

The statistical parameters ofrandom variables are listed in Table 3-3ラwhereμR = 50～ 

100 and μs = 30 are the means of R and S, VR = 0.2 and vs= 0.4 are the coefficient of 

variation of R and S, respectively. The exact results are obtained using MC simulation for 

106 samplings and the 2M results are given. The following six cases are investigated under 

the assumption that Rand Sobey different probability distributions (see Table 3-3). 

For cases 1 -6ラasshown in Fig. 3-5ラonecan see that as the value of μR increases, the 

results of each 3M method moves further from the exact MC simulation. It is obvious that 

the 2M method is not accurate enoughラ whilethe proposed 3M method is in close 

agreement with the MC simulation in all cases. And it can be seen that the proposed 3M 

method has, either higher or at least the same accuracy as the existing methods. 
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Table 3-3 The probability distribution information of Rand Sin different cases 

Case number R S 

Normal Lognormal 

2 Normal Gamma 

3 Normal Gumbel 

4 Lognormal Normal 

5 Lognormal Weibull 

6 Weibull Normal 

f3 3.5 
→－2M 

f3 3.5 
ー」2M

3~ ー←3M-l 3 一←3M-l
一←3M-2 一－3M-2
一一3M-3 一－3恥f”3

2.5~ －MC 2.5 一一MC

2 2 

1.5 1.5 

50 60 70 80 90 100 50 60 70 80 90 100 

ドR いR

(a) Case 1 (b) Case 2 

f3 3.5 
一一2M

3 ~－3M-I 3 －←3M-l 
一←3M-2 一←3M-2
ー－3恥4田3 一一3M聞3

2.5 一－MC 2.5 一一MC

2 2 

1.5 1.5 

50 60 70 80 90 100 50 60 70 80 90 100 

いR いR

(c) Case 3 (d) Case 4 
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一一2M
3 i:-一←－3九1-1 3 --3M-1 
一←3M-2 →－3M-2 
一一3恥1-3 一一3M-3

2.5 一一MC 2.5 一一MC

2 2 

1.5 1.5 

50 60 70 80 90 100 50 60 70 80 90 100 
μ R いR

(e) Case 5 (f) Case 6 

Fig.3-5 Relationship between the mean value of Rand the reliability index 

3.3.1.3 Error anαr/ysis of d，明erentmethods 

In order to verify the accuracy of different methods, the details of error is given in Fig. 

3-6. The error is calculated by 

｜久一βMel
r＝一一一一一一×10明色
βMC了

(3-17) 

where MC simulation is regarded as a comparing method. 

From Figs. 3-6 (a) to (f) one can see, the eηor of 2M method is much greater than other 

3M methods. In most casesラtheerror of2M method is greater than 5%ラwhilethe error of 

3M-3 is less than 5% in all cases. Since there is cηor in MC simulationラasintroduced in 

Chapter 2, it is reasonable to regard c町orunder 5% as accurate enough. In case 4 and 

case 5, the eηor of 3M-2 is also greater than 5% when α3G varies, while the c汀orof 3M-

1 is also slightly larger than 3M-3. Itラsworth noting that in case 4 and case 5ラwhenα3G 

is positive the errors of three 3M methods are larger than that ofα3G is negative. And in 

the case ofα3G tends to Oラthee汀orsof three 3M methods decreaseラwhilethe eηorof2M 

increases asα3G mcreases. 
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Fig.3-6 Error respect toα3G 

3.3.2 Influence of the number of load 

Since in practical engineering designラthenumber of load may be much more than one. 

The following performance function is used to analyze the influence of the number of 

load on the accuracy of the proposed 3M method, where n = 2, 4, 6, 8ラareconsidered. 

G(X)=R-LS; (3・18)

The distribution type of R and Si訂enormal distribution and lognormal distribution, 

respectively, where the mean values of all loads are μsi = 30, VR = 0.2 and Vsi = 0.4 are the 

coefficient of variation of Rand S;, respectively. The exact results are obtained using MC 

simulation for 106 samplings and the 2M results are given. 

As shown in Fig. 3-7ラthenumber of load has almost no influence on the reliability. 

Compared with MC simulation, the cηors of all methods are lower than 5%. For the α3G 

in all cases varies from -0.3 to 0, the results of all methods are consist with the result of 

MC simulation. 
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Fig.3-7 Influence analysis ofload number 

(d) 8 loads 

3.3.3 Application in simple structure 

Exαmple 1 

The analytical I-beam design problemラ asshown in Fig. 3-8ラ introducedby [2] is 

considered. 
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The limit state function is given in terms of bending stress. The expression for the limit 

state can be defined as 

G(X）＝σmax -S (3-19) 

where 
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Fig.3-8 The cross section and load on the I-beam 

The details of all the random variables are given in Table 3-4. 

In this example, the first three moments of G(X) can be obtained as μo = 455704ラσo=

249347, and α30 = 1.098. Reliability indices calculated by different methods are 

summarized in Table 5. The 2M is not applicable for an eηorof24.04%ラandthe 3M-2 is 

out of its applicable range. Furthermore, for an eηor of 19.77%ラthe3M-1 is consi~ered 

inapplicable, as well. The 3M-3 is the only applicable method with an error as low as 

5.11%. 

Table 3-4 Parameters of random variables for Example 1 

RVs μ v Distribution 

p 14000 0.4 Lognormal 

L 120 0.2 Lognormal 

α 72 0.08 Normal 

s 170000 0.03 Normal 
d 2.3 0.02 Normal 

b1 2.3 0.02 Normal 

fw 0.16 0.03 Normal 

lj 0.16 0.03 Normal 
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Table 3-5 Comparison of reliability indices for Example 1 

Method fJ Error 

2M 1.828 24.04% 

3M-1 2.837 19.77% 

3M-2 Out of range 

3M-3 2.449 5.11% 

MC 2.327 

Exαmple 2 

A cantilever beam made of isotropic materialラasshown in Fig. 3-9ラissubjected to a 

distributed transverse load [3]. 

j↓↓↓↓↓↓↓↓ 

Fig. 3-9 Cantilever beam 

The performance function is the tip displacement, which is expressed as 

制）＝九一δ＝む＿fl竺
8EI 

(3哨21)

where X = {be円 QラムEラI},bcr = 10 mm is the critical tip displacement (which is 1/500 

of the length of the beam), Q is the constant distributed transverse load acting on the beam 

(μQ = 5 N/mm, VQ = 0.3), Lis the length of the beam (μr = 5000 mmラVL= 0.04）ラEis the 

Youngラsmodulus of the beam material (μE = 73000 N/mm王町＝ 0.01）ラ andI is the 
moment of the cross-section (μ1 = 1.067×109mm4ラv1= 0.001). All of the random variables 

obey normal distribution. 

In this example, the first three moments of G(X) can be obtained as μc = 4.94，σc= 

1.74ラandα3G =-0.388. As shown in Table 3-6ラtheresult of 2M is far from MC simulation, 

while the c汀orsof all three 3M methods are in acceptable range. Because the result of 

3M-3 has the lowest error, it is considered as the most accurate method. 
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Exαmple 3 

Table 3-6 Comparison of reliability indices for Example 2 

Method f3 Error 

2M 2.838 13.93% 

3M-1 2.482 0.54% 

3M-2 2.499 1.22% 

3M-3 2.476 0.30% 

MC 2.469 

To demonstrate the application of 3M-1 to a more complicated problem involving 

several random variablesラ themoment capacity of a singly reinforced rectangular 

prismatic concrete beam is considered here. The moment capacity or resistance Aゐof

such a beam can be calculated using the following expression [4]: 

where 

Asー thearea of the tension reinforcing bars; 

fy -the yield stress of the reinforcing bars; 

(3-22) 

d - the distance 企omthe extreme compression fiber to the centroid of the tension 

reinforcing bars; 

η－ the concrete stress block parameter; 
万一thecompressive strength of concrete; 

b - the width of the compression face of the member. 

It is extensively reported in the literature that all these variables are random. Their 

mean values and coefficients of variation are tabulated in Table 9. Assume further that 

the beam is subjected to a moment Mラwhichis also a random variable. Its mean value 

and coefficient of variation are shown in Table 3-7. 

The limit state function for the problem can be expressed as 

市）＝州（1-ry~t)-M (3-23) 

The probability distributions of the random variables in Eq. (3-23) are shown in Table 

3-8. The results summarized in Table 3-9 clearly indicate that the distributions of random 

variables play a very important role in safety index or failure probability estimation. 
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Compared with MC simulationラtheerrors of 2Mラ3M-1,3M-2 and 3M-3 are given. It is 

obvious in all casesラtheerror of 3M同1is the smallest in all methods. 

Table 3-7 Design parameters of a reinforced concrete beam 

RVs Mean Coefficient of variation 

As (mm2) 1006.45 0.036 

fy (MPa) 328.89 0.15 

fc' (MPa) 24.13 0.21 

b(mm) 203.2 0.045 

d(mm) 335.28 0.086 

η 0.59 0.05 

M(kN・m) 36.86 0.17 

Table 3-8 Distributions of random variables in a reinforced concrete beam 

RVs Case 1 Case 2 Case 3 Case 4 

As Normal Normal Lognormal Lognormal 

fy Normal Normal Lognormal Lognormal 

jγ Normal Normal Lognormal Lognormal 

b Normal Normal Lognormal Lognormal 

d Normal Normal Lognormal Lognormal 

η Normal Normal Lognormal Lognormal 

M Normal Lognormal Normal Lognormal 

Table 3-9 Reliability indices calculated by different methods for Example 3 

Case 1 Case 2 Case 3 Case4 

Method fJ Error β Error β Error β Error 

2M 3.39 6.35% 3.39 5.04% 3.43 21.69% 3.43 14.68% 

3孔1-1 3.78 4.42% 3.73 4.48% 4.59 4.79% 4.49 11.69% 

3M-2 3.82 5.52% 3.75 5.04% 5.32 21.46% 5.00 24.38% 

3孔1-3 3.77 4.14% 3.72 4.20% 4.45 1.60% 4.38 8.96% 

MC 3.62 3.57 4.38 4.02 

Exαmple 4 

As shown in Fig. 3-10ラthehorizontal displacement of a one-bay elastoplastic frame 

can be expressed as 
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where DラLsand S are the dead loadラthelive load and the snow load, respectively; EラI,H

andl a悶 theelasticity modulusラthe訂・eamoment of inertiaラtheheight and the length of 

the 企ameラrespectively.

The limit state function is expressed as 

(D+ L5 +S)HJJ G(X)= LIA -LI= LIA -
12EI 

where L1A is the critical displacement of point A. 

The details of random variables are shown in Table 3-10 

D十Ls+S

H 

~ 
L 

A
A
J酢
｜

Fig. 3-10 One-story one-bay 企amesof Example 4 

Table 3-10 Parameters of random variables for Example 4 

RVs 恥1ean Coe宜icientof variation Distribution type 

L1 3cm 0.1 Normal 

E 2×1011 N/m2 0.2 Normal 

I 6.06×10-4 m4 0.4 Lognormal 

H 3m 0.5 Gumbel 

L 6m 0.05 Lognormal 

D 2×104N/m 0.05 Lognormal 

Ls 2×103 Nim 0.1 Lognormal 

s 3×103 Nim 0.05 Lognormal 

(3-25) 

TheαJG in this example is -0.21. The calculated reliability indices and eηor are listed 
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in the Table 3-11. According to the resultsラthethree 3M methods are accurate enoughラ

while the 2M method is not applicable. 

Table 3-11 Comparison of reliability indices for Example 4 

Method fJ Error 

2M 4.39 13.73% 

3M-1 3.87 0.26% 

3M-2 3.90 1.04% 

3M-3 3.87 0.26% 

MC 3.86 

3.3.4 Application in system reliability 

Example 1 

This example is a one-bay elastoplastic frame, as shown in Fig. 3-11 [5］ラ

S2 

S1 
Mz 

Mi MJI ~ 

」 20 
ー... 

Fig. 3-11 One-story one-bay frames of Example 1 

where MiラMz,and M3 are the member strengths and S1 and S2 are the loads. The mean 

values of the random variables are μM1 = μM2 = 500 ft kipラμM3= 667 ft kip, μs1 = 50 kipラ

and μsz = 100 kip; the standard deviations areσMl＝σM2 = 75 ft kip，σM3 = 1 OOft kip，σSI 

= 15 kip, and σS2 = 10 kip. 

The performance functions that correspond to the six most likely failure modes 

obtained 企omstochastic limit analysis are listed as follows: 

g1 = M1 + 3M2 + 2M3 -15呉－lOS2

g2ニ2M1+2M2-l5司

g3 =M1 +M2 +4M3 -1均一10S2
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The performance function of the series system can be expressed as the minimum of the 

performance functions that corresponds to all potential failure modes, which is 

G(X)= min{g"g2,g3,g4,&,g6} (3-27) 

Using the method found in [5］ラthefirst three moments of G(X) can be obtained as μc 

= 1244.85ラσG= 307.523ラandα3G = -0.307. With different methodsラthereliability indices 

訂e(JiM = 4.048, {J3M-1 =3.438ラ{J3M-2ニ3.480ラand(J3M-3 =3.452. Three 3M methods are in 

good agreement. 

Different types of distribution of the random variables were also assumed. Assuming 

all the member strengths and loads are Weibull random variablesヲtheresults of the 

different 3M methods and the MC simulation (106 samplings) are summarized in column 

2 of Table 3-12. Results for GammaラGumbelラandNormal distributed random variables 

are also summarized in columns 3 to 5ラrespectivelyラinTable 3-12. 

Table 3-12 Comparison ofreliability indices for Example 1 with di百erenttypes of PDFs 

Method Weibull Gamma Gumbel Normal 

3.872 4.040 4.123 3.980 
2M 

(13.51 %) (13.73%) (27.1%) (4.5%) 

3.572 3.689 3.556 4.024 
3M-1 

(5.46%) (4.90%) (12.46%) (5.59%) 

3.584 3.713 3.592 4.024 
3M-2 

(5.80%) (5.31 %) (13.46%) (5.59%) 

3.573 3.670 3.566 4.024 
3孔1-3

(5.49%) (4.14%) (12.74%) (5.59%) 

MC 3.382 3.521 3.139 3.805 

Note: Percentage of cηor in the reliability index relative to that of the MC simulation is 

in parenthesis. 

From Table 3-12ラ onecan observe that each of the three 3M methods is in close 

agreement with MC simulationラexceptfor Gumbel distribution. In all casesラtheproposed 

method is either more accurate than or as accurate as other methods. 

Exαmple2 
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This example is a frame s甘ucturewith two stories and two baysラ出shownin Fig. 3-12. 

The mean values of the probabilistic member strength are μM1 = μM2 = μM3 = μM6 = μM7 

=70 ft kipラμMs=120 立kipラandμMs = 90 ft kip. The mean values of the probabilistic 

loads are μs1 = 5 kip and μS2 = μs4 = μss = 10 kip. The standard deviations of the member 

strength and loads are 0.15 and 0.25ラ respectively;the distributions of the member 

strength and loads are normal distribution and lognormal distribution, respectively. 

m

－

u
F
 

Ss 

S1 

λ－h 

Ms 

M6 
S4 S3 

S2 

M3 

Ms 

M2 

M4 

Mi 

．削除

Fig. 3-12 The two-story two-bay frames of Example 2 

20 戸喝20 」

(3-28a) 

(3-28b) 

(3-28c) 

(3-28d) 

(3-28e) 

(3・28f)

The failure modes and corresponding performance functions are listed as follows: 

g1 =2M1 +2M2 +2M3-15司 15S2

gz =M6十M7+2λ18-10S5

g3 =M3 +3M5 -10S4 

g4 =M7 +3M8 -10S5 

g5 =2M1 +2M2 +M3 +M5-15司－15S2

g6 =M6 +3M7 +2M8 -15S1 

Table 3-13 Comparison of reliability indices for Example 2 

Error 戸孔1ethod

17.25% 2.940 2M 

1.33% 2.506 3M-I 

2.24% 2.529 3M-2 

1.13% 2.501 3孔1-3

2.473 MC 

The performance function of the series system is the same as Eq. (3・27)in Example 1. 
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Using the method found in [5］ラthefirst three moments of G(X) can be obtained as μc 

= 170.75ラ σG= 58.08ラandα30 = -0.457. With different methodsラtheresults are listed in 

Table 3-13ヲwhichshows that the 2M result is far from MC simulationラwhilethe eηor of 

31¥ιl and the proposed 3M-3 are accurate enoughヲwithe汀orsof less than 2%. 

3.3.5 Application in other fields 

Example I 

The proposed method is applicable in not only civil engineering but also other field. 

The performance function of a shaft in a speed reducer can be defined as 

G(X)=S ~ 
π'1X 

whereX= {S, DラFラLラT};

S(MPa）ーthematerial strength; 

D(mm）ーthediameter of the shaft; 

F (N)-the external force, T (Nm) is the external torque; 

L(mm）ー thelength of the shaft. 

(3-29) 

The performance function represents the difference between the strength and the 

maximum stress. The details of the random variables are given in Table 3-14. 

Table 3-14 Parameters of random variables for Example 1 

RVs μ v Distribution 

s 70 0.2 Lognormal 
D 60 0.18 Normal 

F 1500 0.5 Lognoロnal

L 400 0.2 Normal 

T 250 0.2 Normal 

Table 3同15Comparison of reliability indices for Example 1 

Method f3 Error 

2M 3.529 27.82% 

3M-l 2.171 20.52% 

3M-2 2.248 17.08% 

3M-3 2.407 10.26% 

MC 2.667 
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The mean valueラstandarddeviation, and skewness of G(X) are obtained as μG = 61.05ラ

σG = 17.30ラandα3G = -1.898ラrespectively.Because ｜α3GJ is large in this example, none 

of the methods are accurate; however.ラthe3 M-3 provides the highest accuracyラasshown 

in Table 3-15. Its c灯orof 10.26% is much lower than the error of 20.52% for 3M-1 and 

17.08% for 3M-2. 

3.4 Conclusions 

Based on existing methods for calculating the 3M reliability indexラthispaper proposes a 

new 3M method in which the following improvements are considered valuable: 

( 1) The proposed methodラwithless mathematical limitationラissimpler for calculation 

of 3M reliability index than other existing 3M methods. 

(2) Compared with other methods, the proposed method is accurate enough and its 

applicable range is much wider - especially in the case of negativeα3G・Itisラtherefore,

considered applicable for cases out of the applicable range of existing methods. 

Appendix 

In the case of /hM→ 0+, if A= e2aぺ
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In the case of A三1(i.e.α3Gど0),

明。ん＝βL~o+± .0[2+1・ o]= o (A-2) 

In the case of A < 1 (i.e.α3G < 0), if X = lf/32M 

49 



2十I_!_y 
β~，~o＋ん＝ Inn」ι
2M→ x→＋oo JX 

(A・3)

∞
 

十一一

＼

I
B－
－
！
l
／
 

l
一A

／
t
t
i
l
l、
＼

h
 （~J 

= Inn 
B一歩＋∞

' 
' ' 
’ 
' ' ' ' 

－ 
－ 

. 
' . 
. . 
' 

－ 

. ． ， 
: . 
・’， ’ i ， 
‘ ， ‘ ‘ 、、 ， ， 、ー

3 

一一ー α3G=Q.3

ーα ＝－0.3
3G 

2 

1.5 

0.5 

~ 2M 
l
 

A
U
 

l
 

A
V
 

A
U
 

I
 

A
V
 

A
U
 

A
U
 

0 
0.0001 

Fig. A /hM with respect to /hM in the case of /hM→o+. 

The opposite result can be obtained when /hM→o-. 
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CHAPTER4 

Load and resistance factors 

4.1 Introduction 

Load and resistance factor design (LRFD) is widely used in building codes for reliability 

design. The 3M method has been proposed to overcome the shortcomings (e.g. inevitable 

iterative computationラ requirementof PDFs of random variables) of other existing 

methods. In existing 3M methodラtheiterative is simplified to one timeラandthe PDFs of 

random variables are not required. In this chapterラtheproposed 3M-3 in Chapter 3 is used 

in the determination of load and resistance factors. The computation of the existing 3M 

method is further simplified to no iteration. And the accuracy of the proposed method is 

proved to be higher than the existing 3M methods. Additionallyラ withthe proposed 

method, the limitations of applicable range in existing 3M methods町eavoided. With the 

load combination and example in ASCE 7-10 and AIJ, the comparison of the existing 3M 

methodラtheASCE methodラtheMori method and the proposed method is given. The 

results show that the proposed method is accurateラsimple,safe, and saving material. 

4.2 Proposition of the new method 

4.2.1 Computation process for LRFD 

As introduced in Chapter 2ラtheLRFD format is expressed as 

ψ~11 三 L~r,sni (4-1) 

The computation process is shown in Fig. 4-1. Before calculating the load and 

resistance factors, the t訂getreliability index fh and the distributions of loads should be 
decided. Then the target mean resistance should be calculated. With the target mean 

resistance and other variables, the load and resistance could be finally calculated. 
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Decision of target 
reliability index /h 

Decision of the distributions 
of random variables 

Calculation of the 
target mean resistance 

Calculation of the load 
and resistance factors 

干
⑪

Fig. 4」Computationprocess of load and resistance factors 

4.2.2 Simplification of the existing 3M method for LRFD 

As introduced in Chapter 2ラinthe existing 3M method for LRFDラonetime iteration for 

the calculation of the t町getmean resistance is necessary. In order to simpli身 the

calculation processラtheiteration is eliminated in the proposed method. 

In the existing 3M method for LRFDラthesecond-moment target reliability is calculated 

by [1] 

f32r ＝去｛1叶 (4・2)

which is the inverse function of the existing 3M reliability index, 3M-2 (introduced in 

Chapter 3). 

In the proposed 3M method for LRFDラ thesecond-moment target reliability is 

calculated by the inverse function of the proposed 3孔freliability indexラexpressedas 

β21' ＝判1-eーゴTI 
α吋GI I 

(4・3)

For the inverse function of the proposed 3M reliability index is not existラEq.(4-3) is 

proposed as an approximate inverse function. 
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The steps for determining the load and resistance factors using the new method are as 

follows: 

1. Calculate μRr using Eq. ( 4-4). 

μRT＝ヱμs，十両宅三： (4-4) 

where a and x are determined by linear fitting (more information below). 

2. Calculate σG，α3G and /hr using Eq. ( 4-5), Eq. ( 4-6) and Eq. ( 4-3), respectively. Then 

calculate αR and αSi with Eq. (4-7). 

µG 二 µR ーヱµs， ラ σG ＝ ~σヤヱσ~i

αrが3RO"kエω；）

(4-5) 

(4-6) 

σDσs  
αR＝ー」L ラ αx ＝一一一
σGσG  

3. Determine the load and resistance factors with Eq. (4-8). 

(4ー7)
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In the proposed method, there is no iteration calculation in step 1 and step 2ラwhichis 

necessary in the existing 3M method for load and resistance factors. 

4.2.3 Determination of a and x 

In order to determine a and x in Eq. ( 4-4）ラalarge amount of examples are used to obtain 

the target reliability. Then according to the target reliabilityラaand x can be achieved. One 

of the examples is introduced here. The performance function is 

G(X)=R-(G+Q) (4-9) 

where 

R - the resistanceラ withunknown PDFラ thecoefficient of variation VR = 0.2ラ the

skewness αR = 0.608. 

G - the dead loadヲwithunknown PDFラ μo= 10ラthecoefficient of variation vc = 0.1, 

the skewness αc二 0.

Q-the living load, with unknown PDF，μο＝5ラthecoefficient of variation vc = 0.4ラ
the skewness ασ＝ 1.264. 
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With the calculation process in Section 4.2.2ラtheload and resistance factors can be 

calculated. With the calculated load and resistanceラfinallythe reliability can be obtained 

by MC simulation. When a= 1 and x = 2.7ヲthecalculated reliability of the proposed 

method is in great agreement with the target reliability, as shown in Fig. 4-2ラwhilethe 

result of the existing method is far from the accurate value (the dotted line). 
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Fig. 4-2 Computed reliability with respect to the target reliability 

Considering the influence of the number and variation of loadsラthenumber of loads n 

and k are introduced, where 

一
μ

μ

一項

す
白
半
．
m

(4-10) 

The details of resistance and loads in 10 cases are listed in Table 4-1 to 4-10ラinwhich 

the random variables in Table 2 is same with that in Eq. ( 4-9). 

Table 4-1 Basic random variables in the case of n = 1 

Mean value Coefficient of variation Skewness 

R 

S1 10 

0.15 

0.35 

0.454 

0.772 

Table 4-2 Basic random variables in the case of n = 2 

Mean value Coe伍cientof variation Skewness 

R
n剖
＆

10 

5 

0.2 

0.1 

0.4 

0.608 

0 

1.264 
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Table 4-3 Basic random variables in the case of n = 3 

Mean value Coe宜icientof variation Skewness 

R 0.15 。
S1 10 0.35 0.772 

S2 10 0.4 0.8 

S3 10 0.1 0.2 

Table 4-4 Basic random variables in the case of n = 4 

Mean value Coefficient of variation Skewness 

R 0.1 0.301 

S1 3 0.1 。
S2 6 0.2 0.4 

S3 9 0.1 1.14 

S4 10 0.3 1.14 

Table 4-5 Basic random variables in the case of n = 5 

Mean value Coefficient of variation Skewness 

R 0.2 。
S1 10 0.2 0.608 

S2 5 0.4 1.264 

S3 6 0.4 1.14 

S4 7 0.2 1.14 

Ss 8 0.1 。

Table 4-6 Basic random variables in the case of n = 6 

恥1eanvalue Coefficient of variation Skewness 

R 0.15 。
S1 10 0.35 0.7 

S2 15 0.4 0.277 

S3 20 0.1 -0.175 

S4 25 0.2 0.4 

Ss 30 0.2 1.14 

s6 10 0.1 0.301 
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Table 4-7 Basic random variables in the case of n = 7 

Skewness Coefficient of variation Mean value 

0.608 0.2 R 

0.277 0.4 5 S1 

1.14 0.5 10 。0.25 15 。0.35 20 

0.2 0.1 15 

0.2 0.1 A
U
 

－－E
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Table 4-8 Basic random variables in the case of n = 8 

Skewness Coefficient of variation Mean value 

0.608 0.2 R 

自0.3520.2 5 S1 

0.277 0.4 5 S2 

-0.715 0.1 5 S3 

0.277 0.4 5 S4 

0.608 0.2 A
V
 

－－ 

0.2 0.1 30 

1.14 0.4 30 

品

品

。
m
n－崎 0.301 旬－

E
A

A
V
 

30 

Table 4-9 Basic random variables in the case of n = 9 

Skewness Coe宜icientof variation Mean value 。0.15 R 

1.14 0.35 7 S1 

1.14 0.26 13 S2 

0.566 0.5 24 S3 

同0.0260.3 19 。0.05 31 

1.14 0.42 20 

1.14 0.17 12 
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Table 4-10 Basic random variables in the case of n = 10 

Skewness Coefficient of variation 孔1eanvalue 

0.301 0.1 R 

0.608 0.2 20 S1 

同0.0260.3 10 S2 

1.14 0.4 17 S3 。0.03 21 

-0.026 0.3 ハυ
曾

E
E
A 。0.12 19 

0.4 0.2 25 

0.8 0.4 29 

S4 

＆

品

σ
m
n川
口

岬 。噌
E
E
Aハυ

ハ
リ30 

-0.352 0.2 15 S10 

In order to obtain a reliability close to the target reliabilityラthevalues of a and x are 

calculated by trial computation. The relationship of x and 民 andthe relationship of x and 

k are given in Fig. 4-3 and Fig. 4-4ラrespectively.From Fig. 4-3, there is no distinct rule 

in the number of load n and x. As shown in Fig. 4-4 （α＝ 1 ), the fitting result is in great 

agreement with the results from 10 examples, where the value of Adj. R-Square is 

0.98569. The fitting equation is 

(4-11) x = l.8k 

ThereforeラEq.(4-4) can be expressed as 

μRT＝エμS;＋~月8k'Lσ；r (4-12) 

In the case of l .8k三久thetarget mean resistance calculated by Eq. (4-12) is too safe. 

Therefore in the case of 1.8k三5ラEq.(4-12) is expressed as 

内＝ヱμ耳目十伊豆二；； (4-13) 

Considering the mathematical definition of k, k三lラaccordinglyラX三1.8.
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Fig. 4-3 The relationship of x and n Fig. 4-4 The fitting result of x and k 

4.3 Application of the proposed 3M method for load and resistance 

factors 

4.3.1 Influence of numbers of load 

With the details of random variables in Table 4-1～4-10 and the Eq. (4-12）ラtheload and 

resistance factors can be calculated. Then the design mean resistance can be calculated 

with 

什LYs，片 (4-14) 

As shown in Fig. 4-5(a）～ G)ラthedesign mean resistance μd is calculated with the 

existing 3M method and the proposed 3M methodラ respectively.It shows that μd 

calculated by the proposed 3M method is greater than that of the proposed 3M method in 

most cases. In a few casesラμdcalculated by the proposed 3M method is almost the same 

with that of the existing 3M method. 

For further analysis of the accuracy of two methods, with the design mean resistance, 

the reliability is calculated by MC simulation, as shown in Fig. 4-6(a）～G). It shows that 

in all cases, the reliability calculated by the proposed 3M method is close to the target 

reliability (the dotted line）ラwhilethe reliability calculated by the existing 3M method is 

far from the target reliability in some casesラsuchas Fig. 4-6(a), (b), (g）ラ（h).
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Fig. 4-5 The design mean resistance with respect to the target reliability 
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Fig. 4-6 The calculated reliability with respect to the target reliability 

4.3.2 Convergence of the proposed method 

In order to compare the convergence of the existing 3M method and the proposed methodラ

the following performance function is considered 

c(x)=R-(D+L+s) (4-15) 

where R, D, L and Sare the resistance, dead load, live load and snow load, respectively. 

The details (the mean valueラ coefficientof variation and third moment) of the basic 

variables are same as that in Table 4-3. 

As introduced before, there is one time iteration in the existing 3M method, while in 

the proposed 3M method there is no iteration. In order to compare the convergence 

property of the two methods, 5 time iterations are considered. As shown in Table 4-11, 

μdo is the design mean resistance calculated with no iterationラwhileμdi is the design mean 

resistance calculated with i time iterations. 

From the results for /Jrニ 3ラafter3 times iterationラtheconvergence value of the design 
mean resistance can be obtained (regard 1 % as the critical error) by the proposed 3M 

methodラwhile4 times iteration is necessary in the existing 3M method. The convergence 

speed of the proposed 3M method is slightly faster than the existing 3M method. Because 

of the convergence value of the design mean resistance is different of two methodラfurther

analysis is necessary. Based on the convergence value of the design mean resistance of 

two methods, the reliability calculated by MC simulation respect to the target reliability 

(1～4) is given. As shown in Fig. 4-7ラbothof the two method are not accurate. Compared 

with the existing 3M methodラthereliability calculated by the convergence value of μd of 
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the proposed 3M method is closer to the accurate value. 

Table 4-11 Design mean resistance calculated by iteration 

Method μdo μdi μd2 μd3 μd4 μds 

Existing formula 31.25 27.83 27.88 27.91 27.92 27.92 

Proposed formula 32.72 29.19 29.44 29.42 29.42 29.42 
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Fig. 4-7 Reliability calculated by convergence value of μd respect to the target reliability 

4.3.3 Comparison of four methods 

In order to compare the application of the proposed methodラthefollowing example is 

considered [2]. The load combination is same as Eq. (4-15). The details (the mean valueラ

coefficient of variation and third moment) of the basic variables are shown in Table 4-12. 

Although the distribution types ofloads and resistance are not necessary in the calculation 

of load and resistance factors, the distribution types are given for MC simulation. 

Table 4-12 Basic random variables for ASCE example 

RVs μQ;/Dn Vi σQi= μQ;/Dn ・ Vi α3i μRl'Rn or μQ/Qin Qin/Dn Distribution 

R 0.09 0.27 1.06 Lognormal 

D 0.25 0.25 。 1.0 Normal 

L 0.175 0.59 0.103 1.18 0.35 0.5 Gamma 

s 0.6874 0.21 0.144 1.14 0.982 0.7 Gumbel 
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4.3.3.1 ASCE method 

For target reliability /h = 3, with the method in [2］ラtheresistance factor can be calculated 
as 。＝（μRj凡)exr{aR/ft云］＝0.877 (4-16) 

where the sensitivity coefficient of resistance的＝ 0.7 is an approximate value which 

introduced in [2]. 

And the load factors can be calculated as 

ゐ ＝（μn/DnXI＋αn/JVn)=1必00

YL =(μL/LnXI＋α川 J=0.598 

rs =(μsfばl＋αs/JVs)= 1.229 

(4-17) 

(4-18) 

(4-19) 

As introduced in [2］ラ αQis a sensitivity coefficient of load that is approximately equal 

to 0.8 when load Q is a principal action and 0.4 when Q is a companion action. 

4. 3. 3. 2 Mori method 

Step 1, the distributions of all loads should be transformed into lognormal distribution. 

According to Eq. (2.4.17), (2.4.18) and (2.4.25) of [3］ラ gurnbeldistribution of the snow 

load can be t町nto Lognormal distribution by 

A-s = In(l-0.164-"s) = -0.03 s (4-20) 

心＝ 0.430× ln（~改）= 0.233 ( 4-21) 

時＝ Jexr{（~ )-1 = 0.23 6 (4-22) 

SimilarlyラtheNormal distribution of the dead load and the Gamma distribution of the 

live load can be transformed into lognormal distribution: 

λら＝0

ら＝0.012+0.83Wn 0.47巧＋0.11 lV/i = 0.192 

~－＞ =Jexr{(f;)-1 =0.194 

λ：＝0.002 0.022JIL -0.267Vl-0川町二 0.120
SL = 0.009+ 0.92気－0.20釘＋0.087η 二 0.501

VL =J福 If-I＝日4

(4-23) 

(4同24)

( 4-25) 

( 4-26) 

(4-27) 

( 4-28) 

Step 2ラ thesensitivity coefficients of loads and resistance can be obtained by the 

following calculation. 
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According to Eq. (4-27), csラ CDラCLcan be calculated. 

C; = Xか～Q,2）仙"; 2 "; Dn Qni 

I ~ AQ1 l lnQ; 2 I仏hexo ＋ σl  
j ス～j 2 ～i ) Dn Qnj 

(4-29) 

Cs= 0.363ラ CD=0.543ラ CL=0.094 (4-30) 

Then αR* andαsキareexpressed as 

αキー σlnR 

R一 lu1n/＋エレlσlnQ1
(4-31) 

αo; = 
町凶2ミEσlnQ1

(4-32) 

where 

σl凶＝幅下可｝= 0.090 (4-33) 

The results ofαR and αs ar℃ 

α日＝0.369ラ α；＝0.347ラ α；=0.427ラ α：二0.193 (4-34) 

i.o5 /' ¥ =1.335 (4-35) 

1-{1－~（.めい叫r ｝·¢（~~－ 0. 

The sensitivity coe白cientsof loads and resistance can be calculated as 

αR＝α；－u=0.493 (4-36) 

αs＝α；・U = 0.463 (4-37) 

αρ＝α；－u=0.570 (4-38) 

αL＝α：・U = 0.258 (4-39) 

Step 3ラtheload and resistance factors can be determined. 

Similarly, 

</l=r=よ＝＝：；＝－ exr<－ αR/JTσlnR）~= 0.924 
~］十 Vt K 

rs＝ァムーext{αsβTσJ手＝1.328 
~］十 Vef δ

rD二 1.352
rL = 0.444 
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4.3.3.3 The Existing 3M method 

With 5 steps of the existing 3M method, the load and resistance factors can be calculated. 

Step 1, the original target mean resistance can be obtained 

内＝ヱµQ， 十 ~／Jl·5ヱσら＝ 3.959

Step 2ラσια3Gand fhT can be obtained 

σa ＝~吋十エσふ＝0.470 

where σR =μR,,・VR= 0.356 

αa ＝ ~~α叫 －Lα3Q,()b, ）＝仏072

f32r ＝去｛1叶千（－Pr引］｝=2.90 
Step 3ラthetarget mean resistance μRT can be obtained 

μRT= LμQ, ＋広所＝3.228

Step 4ラrepeatstep 2 with μR九σια3Gand /hTare obtained as 

σG = ~O"~ ＋工σふ＝0必 2
where σR =μRT.九＝0.291

α －土la O"~ - ) ・α3 （）~） }= 0.025 3G一一3~ 3R R ~ , Q J 
'-'G 

んこえ｛1叶千（－ι－守）］｝＝2.967 
Then the corresponding sensitivity coefficients of loads and resistance are 

αR＝竺ι＝0.688 
σ G 

αD ＝竺Q.= 0.592 
σc 

αL二三ム＝0.244 
σG 
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(4-44) 

(4-45) 

(4-46) 

(4-47) 

(4-48) 

(4-49) 

(4-50) 

( 4-51) 

(4-52) 

(4-53) 

(4・54)



αs ＝竺~ = 0.342 
σ G 

Step 5ラtheload and resistance factors can be finally determined 

¢ = (1イ RVR/321)ift = 0.865 

YD= (1 + aDVD/32T ）~＝ I制

( 4-55) 

(4-56) 

(4-57) 
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(4-58) 

Ys ＝いsVs/32崎＝1.191 (4-59) 

4.3.3.4 The proposed 3M method 

With 3 steps of the proposed method, the load and resistance factors can be calculated. 

Step 1, in this exampleラk=3.55ラ1.8k三5,therefore the target mean resistance can be 

obtained with Eq. (4・13)

μRT-new = LμQ，十両玄否＝紛8 (4-60) 

Step 2ラσGラα30and /hr can be obtainedラrespectively

σc ＝ ~σいヱσ~i = 0.671 (4-61) 

where σR =μRT. VR =0.597 

α3G ＝計河－ La3Q,u~1)=0.175 (4-62) 
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Then the corresponding sensitivity coefficients of loads and resistance are 

A
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Q
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(4-64) 

αρ ＝竺♀＝0.372 
σc 

( 4-65) 

αL ＝三ι＝0.153 
σG 

(4・66)
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αs二三と＝0.214 
σ G 

Step 3ラtheload and resistance factors can be finally calculated 

¢=(1－αRVR/32r 

YD= (1 ＋叫んβ＇2r）~ = 1.261 
~u 

h =(l＋αLVL/32r）与＝0.439 
-u 

rs= (1 ＋αs Vs /Jn・）合＝1.106 

4.3.3.5 Results comparison 

(4-67) 

(4-68) 

(4-69) 

(4-70) 

(4-71) 

The results of load and resistance factors in different methods are listed in Table 4-13. 

The results show that the resistance factorsゆcalculatedby three methods are in gre剖

agreement. The results of the dead load factor YD are also close, while yr and ys calculated 

by Mori method is di百erentfrom that of other methods. 

In order to compare the accuracy of four methods, with the load and resistance factors 

in Table 4-13ヲthedesign mean resistance is also calculated with 

μR -μR Rn -μR 1 r Dn ' Ln ' s 1 
－一 一一－一一一一一・－：－Irρ－一一十YL.一一十rs・-1
Dn Rn D,, R11 dJ ¥ Dn Dn D ) 

(4-72) 

As shown in Table 4-14ラthedesign mean resistance calculated by ASCE method is the 

largest, while result of Mori method is the smallest. The results of the proposed 3M 

method is slightly larger than the existing 3M method. 

Table 4-13 Results of load and resistance factors 

ゆ YD YL ys 

ASCEmethod 0.877 1.600 0.598 1.229 

Mori method 0.924 1.328 1.352 0.444 

Existing 3M method 0.865 1.439 0.500 1.191 

Proposed method 0.822 1.261 0.439 1.106 

Table 4田14Results of design mean resistance 

Method ASCE method Mori method Existing 3M method Proposed 3M method 

f.lRID,, 3.335 2.656 3.091 2.907 
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With the design mean resistance and the values of μo/Dn, μJ/Dn and μs/D的 thereliability 

calculated by MC simulation (100ラ000samples) are shown in Table 4-15ラreliability3.02 

of the proposed 3M method is closest to the target reliability 3.0. Therefore, the proposed 

3M method is considered accurate and safe. The existing 3M method is also accurate and 

safeラbutin this methodラthereare a lot of limitations and one time iteration is inevitable. 

The ASCE method is much simple, but the reliability by this method is much greater than 

the target reliability, which is safe but waste of structural materials. Conversely, the 

reliability calculated by Mori method is much smaller than the target reliability, which 

means the design is not safe. 

Table 4-15 Reliability of MC simulation with different methods 

ASCE method Mori method Existing 3M method Proposed method 

β3.53  2.46 3.08 3.02 

The advantages and disadvantages of different methods are listed in Table 4-16. ASCE 

method is simple and applicable for most structures. But it is too safe for reliability design, 

which means it is a waste of material. Mori method in this example is di伍cultand not 

safe. In the case of the distributions of resistance and loads are very different from 

lognormal distributionラ thecalculation error may be large in Mori method [4]. The 

existing 3M method is safe and material-savingラ butthe calculation is difficult for 

designers for one time iteration is necessary. And there are limitations of applicable range. 

The proposed 3M method is accurateラsafe,material-savingラwithoutany mathematical 

limitations and no necessary for iteration calculation. Therefore the proposed 3M method 

is considered to be the most applicable for practical structural reliability design. 

Table 4-16 Comparison of di妊erentmethods 

ASCE Mori Existing 3M Proposed 

method method method method 

Applicable range Large Large Narrow large 

Safety degree Safe Dangerous Safe Safe 

Material saving 
Waste Saving Medium Saving 

degree 

Difficulty degree Simple Di妊icult Difficult Medium 
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4.3.4 Design for wind load 

4.3.4.1 The cα！culαti on of wind loαdαnd other variables 

Based on the method in [3], the horizontal wind load can be expressed as 

WD =qHCDGDA 

where 

qHニj叫
UH =UokRwKDKsEH 

WD-wind load (N) at hight Z (m) （丘omground); 

qH - velocity pressure (N/m2); 

CD - coefficient of wind pressure; 

GD - influence coefficient of gust in the wind direction; 

A - area of building in the vertical direction of wind load (m2); 

ρ－ density of atmosphere, 1.22 kg/m3; 
UH-design wind speed (m/s); 

Uo -basic wind speed (mis); 

kRw - conversion coe伍cientof the reproduction period; 

Ko - wind directionali旬factor;

Ks - seasonal factor; 

(4-73) 

(4-74) 

(4-75) 

EH - vertical factor of the wind speed according to the surface condition of the 

building site. 

In the case of reproduction period 100 ye町民withoutconsidering the influence of KD 

and Ks, Eq. ( 4-73) can be expressed as 

院＞= ~ p(UoEH )2叩 DA (4-76) 

Considering the uncertainty ofρラEHラCoラGD,the details are given in Table 4・17based 

on assumption. 

Table 4-1 7 Details of random variables 

Coefficient of Lognormal Lognormal 
Distribution Skewness 

vanat1on mean value standard deviation 

ρ Lognormal 0.1 -0.0050 0.0998 0.301 

EH Lognormal 0.1 山0.0050 0.0998 0.301 

CD Lognormal 0.15 -0.0111 0.149 0.453 

GD Lognormal 0.15 -0.0111 0.149 0.453 
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Based on the basic wind speed Uo in Tokyo and the wind speed in reproduction period 

500 yearsラUsooラthewind load in reproduction period 50 years can be expressed as 

μw/W「1ー附88x（竺－1I I ＝附5 (4-77) 
I ¥ 36 JI 

Where 

μw - the mean value of the maximum wind load in 50 years; 

Wn -the nominal value of the maximum wind load in 50 years. 

The coefficient of variationラthirdmomentラandfourth moment of μw, can be calculatedラ

too. 

I 40 I 
1.28x i一一1I 
¥36 ) 

Vu= ＇ノ＝ 0.0891α3U = 1.14，α4U = 5.4 
40 

1.72-0.111×一一
(4-78) 

36 

The details of resistanceラdeadload and live load are given in Table 4-18. The value of 

Wn!Dn varies from 0.25 to 4.0 [3]. In this example, it is assumed Wn!Dn = 2. 

Table 4-18 The details of resistanceラdeadload and live load 

Coefficient of μwRn or 
Distribution Qin/Dn Skewness 

vanat10n μQ/Qin 

Resistance R Lognormal 0.2 1.14 0.608 

Dead load D Normal 0.1 1.0 1.0 0 

Live load L Gamma 0.59 0.8 0.8 1.18 

Di旺erent仕omthe snow load analysis in Section 4.3.3ラthedistribution type of the wind 

load in Section 4.3.4 is unknown. Therefore the MC simulation cannot be used as a 

comparing method. In the following analysisラ theload and resistance factors are 

calculated by Mori methodラtheExisting 3M method and the proposed 3M method. 

4.3.4.2 Mori method 

Firstlyラ thegumbel distribution of the maximum wind speed in 50 years should be 

transformed to lognormal distribution. 

ヰI=ln(l-0.16叡0.089)=-0.0147 (4-79) 

( + 3.14×0.0891 I su = 0.430×ln[ I= 0.112 
υ I  1 0.164x0 

(4-80) 

71 



町／二長~ゴ＝0.113 (4同81)

Other variables are also transformed into lognormal distribution with Eq. ( 4-82）ラ as

shown in Table 4-18. 

みベ子三万） (4-82) 

Therefore, the wind load can be transformed into lognormal distribution as 

ル ＝ 2·A.~1+2 ・4 ＋花＋λ；v ＋えら =-0.0666 
H J 'D D 

(4-83) 

sw =J(2・suJ +(2-c;EJ2 ＋り＋slD＋ζJDエ0.380 (4-84) 

Vw ＝ ~ex定外－ 1 =0.394 (4-85) 

The same as the calculation of snow loadラotherparameters can be calculated. 

ベ－0.0叫 i×O川）×2×O知＝1.98 (4四86)

1.98 Cw= = 0.54~ CD= 0.27~ CL= 0.178 
l.98+1+0.176 

(4-87) 

( 4-88) 

(4-89) 

α五＝0.0.487，α長＝0.51Lα1=0.062,α：＝0.220 

1.05 
u＝ ，、／、＝1.204 
l-h-.!o.6332 +0.76l2 ).<I>（竺竺ゴ引
＼ノ＼ 0.4 ) 

The sensitivity coefficients of loads and resistance are 

αR = 0.587，αw = 0.615,αD =0.0744αL = 0.264 

The load and resistance factors can be calculated. 

。＝0.86勾rw=1.36~ rD =1.005, ri =0.811 (4-91) 

(4-90) 

The design mean resistance can be finally calculated as 

R I( W D l I 1 
ー＝ I rw 」＋ YD 」＋ん－~｜＝一一×（1.36lx2+1.005x1+ 0.81 1×0.8)=5.04 (4-92) 
Dn 砂L Dn Dn '-' Dn ) 0.869 

4.3.4.3 The existing 3M method 

Firstlyラthewind load can be expressed as the product of independent variables. 

x
 

n

口同Y 
(4-93) 
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The standard deviation and the third moment of Y can be calculated by 

4イ (4-94) 

α＂~［争点3+3只2＋叶 (4-95) 

If X obeys lognormal distribution, the coefficient of variation and third moment of Y 

=XU are expressed as 

VJ＝トvf(-1

α3Y =3Vy +V} 

(4-96) 

(4-97) 

If X obeys other distributionラthecoefficient of variation and third moment of Y = X2 
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(4-98) 

(4-99) 

百時間fo詑，thecoe旺icientof variation and third moment of the p町ame臼rsin Eq.(4-

93) can pe calculated: 
(1) The coe伍cientof variation and third moment of Y ＝ぴare

Vy ＝占~~4+4α3uVl1+ （，α4U -I)V(J = 0.186 ( 4-100) 
I十円7

α3Y = (1-V(，）α3U + 1.5（α4u -l)V(; = 1.626 

(2) The coe宜icientof variation and third moment of X = EI-l are 

九＝~百七0.202

α3X = 3Vx + V] = 0.613 

Then the coefficient of variation and third moment of wind load are expressed as 

(4-101) 

(4-102) 

(4-103) 
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V
 

( 4-104) 

αWOMDい3J'?+3刀＋1)-38い叶ニl叩 (4-105) 

The original target mean resistance can be calculated. 
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μRO= (4-106) 

WithμRoラthefollowing factors can be calculated. 

σGO ＝ ~σヤヱσ主 ＝ l.522µ[) (4-107) 

3Rσ；。ームα3Q;ab;= 0・195
α3GO ~ ( 4-108) 

σGO 

f32ro土｛1 ex｛~（－島平）］｝＝1.904 (4-109) 

Repeat Eq. (4-107）～（4駒 109),

σGO= 1.542,uc;，α3G = 0.207, /32T = 1.898 ( 4-ll 0) 

The sensitivity coefficients of loads and resistance are 

αR = 0.84＂＼αD = 0.065,αL = 0.245,αw = 0.473 (4-111) 

ゆ＝0.775, rD = 1.012, h = 1.01弓rw=1.312 (4-112) 

The design me加 resistancecan be finally calculated as 

R 1 ( W η L I 1 
一＝一Irw」 ＋yD」 ＋ro」｜＝一一×（1.312×2+1.012×I+1.019×0.8)= 5.74 (4-113) 
D,, ¢¥ D,, D，， ピ D,,) 0.775 

4.3.4.4 The proposed 3M method 

The coefficient of variation and third moment of the wind load are same as the results of 

the existing 3M method. The target mean resistance is calculated as 

µRT・new ＝ヱµQ， 十 ~/3]38ヱσ~； =6・278μD

where x = l.8k = 3.38. 

σc; ＝~σヤヱσ8, =l訓 'rJln

whereσR＝μ灯.VR = 1.25向UD

土bσ3、Jασ3)=0.1833G o ¥' 3R' R / , 0 》｝σ己ず ］ ～f 乙，，

う o I a3a/3r I 

β2T ＝ニニII -e 3.s I= 1.907 
α3G I I 

Then the corresponding sensitivity coefficients of loads and resistance are 

αR = 0.835,αD =0.067，αL = 0.25 Lαw = 0.485 

Finallyラtheload and resistance factors can be finally calculated 
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(4-114) 

(4」15)

(4-116) 

(4-117) 

(4-118) 



。＝o.777, rρ＝ 1.013, 1L = 1.026 rw = 1.322 
The design mean resistance can be finally calculated as 

R II W D L I 1 
一＝」rw」 ＋rD・」＋ro ・ .:::!}__ I ＝一一×（1.322×2+1.013×I+1.026×0.8)= 5.76 
n <.b~ Dn D,, " D,,) 0.777 

(4-119) 

( 4-120) 

According to the design mean resistanceラtheresults of the proposed 3M method is in 

agreement with the existing 3M methodラwhilethe result of Mori method is much 

smaller than other methods. 

4.4 Conclusions 

In this chapter a simplified third-moment method for determining the load and resistance 

factors is proposed. Compared with the ASCE method, Mori method and the existing 3M 

methodラthefollowing advantages of the proposed method are considered significant. 

1. The proposed 3M method is simpler than the existing 3M method. The one time 

iteration in the computation of the target mean resistance in the existing 3M method 

is simplified to no iteration in the proposed method. 

2. The convergence of the proposed method in the computation is better than the existing 

3M method. Simultaneouslyラ出eaccuracy of the proposed method is good enough. 

3. There is no mathematical limitation in the computation of the target reliability in the 

proposed method, while in the existing 3M methodラthemathematical limitation is 

inevitable. 

4. Compared with ASCE method and Mori method, the proposed method is considered 

safe and material-saving. 
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CHAPTERS 

Probabilistic durability analysis 

5.1 Introduction 

In section 5 .2ヲtheimproved analytical model of corrosion initiation was given, where the 

concept of crack rate l'/w was proposed. Then the corresponding stochastic model was built 

to analyze the corrosion probability. And the accuracy of the proposed 3M method was 

compared with MC simulation (sample size 10000). The influence of the mean value, the 

coefficient of variation and the distribution of factors was analyzed respectively in 

durability assessment. 

In section 5 .3ラtheanalytical model of cover cracking was built. The stress intensity 

factor arrive企ac加retoughness was regard as the limit state of cover cracking. And the 

initial micro-cracking was considered as an influence factor of cover cracking. The same 

as the stochastic analysis of corrosion initiationラtheinfluence of the mean valueラ由c

coefficient of variation and the distribution of factors was also analyzed in the evaluation 

of the failure of cover cracking. Some conclusions that are di百erentfrom the analysis of 

corrosion initiation were proposed. 

In section 5.4，合omthe analytical model and stochastic analysis of corrosion initiation 

and cover crackingラtherewere several conclusions, which can give structure designers 

some opinions to prevent chloride corrosion of RC struc同res.

5.2 Corrosion initiation 

5.2.1 Analytical model 

Numerous studies [1-5] have indicated that chloride penetration through concrete can be 

empirically described by Fickラssecond law: 
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c(x, t1）ー (5-1) 

where t1 is the spent time from start of exposure to corrosion initiation (s), C(x,t1) is the 

corresponding chloride concentration at depth x (m) (%/m3), and erf is the Gaussian c汀or

function: 

ィレ）= * J: exi{-tf }lt1 (5-2) 

As an inherent and inevitable phenomenon in the formation of concrete mixtureラearly時

age micro-cracking will obviously influence the chloride penetration into concrete and 

consequently the time to corrosion initiation. Some previous studies [2ラ5]have already 

found that the patterns of chloride penetration in cracked concrete are obviously different 

with that in sound condition. Thereforeラearly-agemicro cracking will be included in the 

diffusion coe伍cientD (m2/s) in Eq. (5-1) to assess its e旺ecton corrosion initiation. The 

diffusion coefficient D here can be divided into two parts (namelyラDerand DoラFig.5-1) 

and is expressed as: 

D = Dc,Acr + DoA = Dcr!Jw +Do 
Acr +A I＋ηw 

(5-3) 

where 

Derー thevalue of chloride diffusion coefficient inside the early-age micro-cracking; 

Do - the corresponding value for sound area; 

Acr-the訂eaof micro cracking (m2); 

A - the exposed surface area of the concrete element (m2). 

In order to quantify the influence of the early-age micro crackingラinthis study 1Jw is 

referred as the crack rate, which equals to Acri A. 

Cracked sample Uncracked sample Cracked 
D Do Der 

=LtJ 
Fig. 5-1 Partition hypothesis of chloride diffusion through cracked concrete 

It has been indicated [ 6・7]that the value of chloride diffusion coe宜icientinside a crack 

of concrete cover (namely Der, m2/s) is independent of material c宜ects,even if tortuosity 

and roughness are different. Djerbi et al. [8] suggested the following relationship between 

the crack width wo in concrete cover and its diffusion coefficient Der inside the crack: 
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（日×io-11w0-4×10ー10いいOμm
Der ~ 14×l O一10,Wo 2 80μη 

(5-4) 

Besides penetration in the micro cracked area of concrete cover, the chloride will also 

diffuse in its sound area. The environmental parameters such as relative humidity and 

temperatureラalongwith the exposure time of RC structures affect the diffusion in sound 

concrete greatly [1-5ラ6-9].In order to discuss the coupling effects of these influencing 

factors on the corrosion initiation, here the parameters are accounted for via corrections 

to the diffusion coe百icientDoラasfollows: 

D。＝ゐλrAiD28

where 

Ah -the correction coefficient for environmental relative humidity h (% ); 

Arー thecorresponding coefficient for temperature T (K); 

At -the coe ficient for exposure time t1 (day); 

(5司5)

D2sー thechloride diffusion coefficient for a specimen under standard curing (28 days) 

[9]: 

Dzs = 1 o(-1206+2・4w!c) (5-6) 

where w/c is the water-to-cement ratio. Also the parameters hラ Atラ andAr can be 

respectively expressed as: 

ゐ~［1＋出l

Ai ＝（~ r 
hベ＊（＇去刊

where 

heー thethreshold relative humidity (hc=75%); 

t23 - the time of standard curing (28 days); 

m - the age factor related to w/c by m=3(0.55 -w/c); 

Uー theactivation energy equal to 35000 J/mol; 

R - the gas constant; 

T28 -the temperature for standard curing on day 28 (293 K). 

(5-7) 

(5-8) 

(5-9} 

Corrosion initiation occurs when chloride concentration on the surface of the steel bar 

C(x = c, t1) (where c is the thickness of the concrete cover) exceeds the critical threshold 

chloride concentration Ccr・Thereforeラ thefollowing equation can be regarded as the 

criterion for the corrosion initiation of the steel bar. 
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c(c川三ccr (5-10) 

5.2.2 Stochastic model 

Base on the analytical solution for corrosion initiation (Eq. ( 5-1）～Eq. (5-10））ラitcan be 

found that the chloride concentration on the surface of the steel bar C( cラti)is a function 

of a number of basic random variables (i.e. Cs, CラD，ηwラwlc,hラTand t1). The critical 

threshold chloride concentration Ccr and C(c, t1) in Eq. (5-10) are identified with interior 

resistance R and effect of exterior deterioration Sラrespectively.The performance function 

governing the initiation of corrosion can be written as 

G1(X)=Ca C(c,t1) (5-11) 

The corresponding failure probability of corrosion initiationラP1(t1),can be estimated 

as 

再（t1）＝巧［G1(x):s; 0］＝円［c(c,ti)ミccr] (5-12) 

5.2.3 Durability assessment 

5.2.3.1 Efficiency andαccurαcy of the prese国 method

In order to verifシthec百iciencyand accuracy of the prese蹴 methodin analyzing the 

probability of corrosion-induced failureラthefollowing example of corrosion initiation is 

given in this paper to compare the proposed 3M reliability index with the previous used 

MC simulation. The statistical parameters of corrosion-induced failure adopted for the 

corresponding verification and following assessment are summarized in Table 5-1. 

Table 5-1 Values of basic variables in the stochastic analysis of corrosion initiation 

Basic Coe旺icientof 
恥1ean Distribution Sources 

variables variat10n 

Ccr 
0.9 (0.6 to 1.2) 

0.19 Lognormal [10] 
kg/m3 

Cs 1 kg/m 0.5 Weibull [1 O] 

ηw 0.2 % 0.4 Lognormal [1 O] 

wlc 0.5 0.1 Normal 

h 75% 0.05 Normal [1 O] 

T 20 °C 0.2 Lognormal 

c 70mm 0.14 Normal [11] 
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For corrosion initiationラ theprediction of the failure probability derived from the 

proposed 3M methods is compared with the result from MC simulation (sample size N 

10000). One can see from Fig. 5-2 that the results of all 3M methods are in good 

agreement with that of MC simulation. 3M-I is the most accurate method. Howeverラin

the case of t1 is great (t1 = 50 year）ラ thelifetime of structure may be underestimated. 

Considering the advantages of3M-3 method mentioned in Chapter 3ラtheproposed 3M 

method is chose in the following analysis. 

20% 

凡夫 トーー・・・MC

ベ）－3M-I
15% ~屯ー3M-2
→－3M-3 

10% 

5% 

0% 。IO 20 30 40 50 
t1(year) 

Fig. 5-2 Probability of corrosion initiation 

5.2.3.2 /jがuenceof the mean value of variables 

One of the advantages of stochastic analysis is the possibility to examine the sensitivity 

of different variables affecting the probability of corrosion initiation. A parametric study 

was conducted on the basic variables deemed to be significant in corrosion initiation, as 

provided in Table 与1.The time-dependent probability of corrosion initiation influenced 

by the mean values of these factors is presented in Figs. 5-3 to 5-10. 

Among these variables illustrated in Figs. 5-3 to 5-10ラthewater-to問cementratio w/c 

has the great c百ecton the probability of corrosion initiation. For exampleラthestructure 

lifetime when its corrosion probability reaches 10% (Fig. 5-3) is shown to increase from 

approximately 4 years to 50 years as w/c changes from 0.6 mm to 0.4 mm. w/c is directly 

related to the pores of the concrete structureラ thusimplying that improving concrete 

quality is also an efficient method for increasing service life. 
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The humidity h is the second important influence factor. As shown in Fig. 5-4ラthe

decrease of humidity from 90% to 60% can prolong the structure lifetime from 12 years 

to 40 years (critical failure probability 10% ). 

As shown in Fig. 5-5, the structure lifetime increases from 2 years to 22 years as c 

increases from 30 cm to 70 cm (critical failure probability 10%). This demonstrates that 

increasing c is an efficient method for prolonging the service life of corroded RC 

structures. 

The surface chloride concentration Cs and the critical chloride concentration Ccr are 

also important in evaluation of structure lifetime. As shown in Fig. 5-6ラ0.1%/m3 increase 

of Cs can shorten the structure lifetime 5～ 10 years. Converselyラ0.1kg/m3 increase of 

Ccr can prolong structure lifetime for about 5 years (critical failure probability 10%), as 

illustrated in Fig. 5-7. 

The influence of the crack rate Y/w and the temperature Tis quite obvious and should 

not be ignoredラasshown in Fig. 5-8 and 5-9. Howeverラ恥inFig. 5-8 changes from 0.1 % 

to 0.3%. In the case of high crack rateラthecorrosion probability may reach to the critical 

probability rapidly. In Fig. 5-9, the temperature changes from 10 to 30℃ヲsometimesin 

summer the surface temperature of structure is up to 60℃. In the case of high 

temperatureラthestructure may be corroded quickly. 

、「
ぬ『

20% 

l 5o/c。

10% 

20 30 40 50 
t1 (year) 

Fig. 5-3 Influence of w/c on Pハ
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5.2.3.3 L析uenceof the distribution of variables 

The complexity of natural corrosion of a real engineering structure under aggressive 

chloride environments makes it difficult to accurately understand the statistical 

p訂ametersof the variables. Thus different types of the distribution are generally assumed 

in many previous researches [12-20] to predict the probability of corrosion-induced 

failure. The corrosion probability gaining from different distributions of variables is 

investigated here to analyze the effects of the type of distribution (such as the 4 variables 

in Figs. 5-10～ 5-13). It is found血at出cspecific choice of distribution has almost no 

influence on corrosion probability. This result shows that the probability of corrosion 

initiation is not sensitive to the choice of distribution of variables. The same results can 

be found in the analysis of other variables. 

83 



<;::_ 
R吋

20% 

15% 

5% ~ 

O%ei......"1 。

$ 

IO 

〆
ーベコーGumbel
一口－Weibull
一〈〉ーGamma
一白一Lognormal

20 30 40 50 
t/year) 

Fig. 5-10 Influence of Cs on PJ1 

20% 
矢
口、

15% 

10% 

5% 

0% 

-o-Nonnal 
一口－Weibull
ー＜＞－Gamma
-c-Lognonnal 

10 20 30 40 50 
t1(year) 

Fig. 5-12 Influence ofw/c on PJ1 

20% 
＝こ
九

、、、
口、

15% 

10% 

／ -o--:Nonnal 5% 一口－Weibull
-o--oamma 

ノ ！？ーal
0% 。IO 20 30 40 

t1 (year) 

Fig. 5-11 Influence of c on P fl 

20% 

15% 

10% 

5% 
ベ::r-Normal
一口－Weibull
-o--Qamma 
-o-Lognormal 

50 

0% 。10 20 30 40 50 
t1(year) 

Fig. 5-13 Influence of Ccr on PJ1 

5.2.3.4 Influence of the coefficient of variαti on of variables 

The mean of a variable is generally used to study its effect on the probability of corrosion-

induced failure. However, the values of variables訂cgenerally uncertain and change 

frequently in natural corrosion of exposure environments. Thusラdifferentcoefficients of 

variation v are also tested here to study the effect of the variation of variables on the 

probability of corrosion initiation (Figs. 5-14 to 5-20). 
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As shown in Fig. 5-14 and 5-15ラcorrosionprobability is sensitive to variations in Cs 

and Ccr which is same as the influence of the mean value of Cs and Ccr. 

The influence of coefficient of variation of variables is relative to exposure time, such 

as Fig. 5-16 and 与17.In early timesヲalarger coefficient of variation of c and w/c may 

lead to a higher corrosion probability. Then the influence may get less obvious. 

The influence of coefficient of variation of 1Jw and Tis negligible, as shown in Fig. 5-

18 and Fig. 5-19. 

In Figs. 5目14to 5-19ラthegreater the coefficient of variation, the faster the corrosion 

failure increases. From Fig. 5-20ラacontrary tendency can be found. The corrosion failure 

is higher in the case of the coefficient of variation is small. 
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Fig. 5-14 Influence of Cs onPJl 
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Several engineers deem the point of corrosion initiation of reinforcing steel as too 

conservative to be a criterion for the failure of service life of corroded RC structures, and 

instead regard the point of surface cracking of concrete cover as more appropriate. 

Therefore, the surface cracking of concrete cover is generally considered as another useful 

indicator in evaluating the corresponding service life. 

5.3.1 Analytical model 

For corrosion-induced crackingラconcretewith embedded reinforcing steel bar can be 

modeled [21-33] as a thick-walled cylinder with a bar in the center of the cylinder (Fig. 

5-21 ). The initial defect such as micropore structure and random fine crack occurring in 

the formation of concrete mixture has a certain effect on the corrosion-induced stress field 

in concrete cover and thus maybe affect the time to cover cracking [33］ラespeciallyon the 

scale of the cover thickness ( <1 OOmm). Henceラtheeffect of initial defect on surface 

cracking will be taken into account in this thesis. The initial defect is assumed to be a fine 

crack starting on the surface of the bar. Firstly the pore band and fine crack will be filled 

with rust products (Fig. 5-21 (a)). Then further increase of the amount of products will 

inevitably result in internal pressure on the surface of the bar (Fig. 5-21 (b )). When the 

stress intensity factor K1 of the concrete cover exceeds its corresponding fracture 
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toughness Kie, the crack can grow and propagate rapidly to the concrete surfaceラasshown 

in Fig. 5-21 (c). 

do rust 

(a) Depassivation and filling full in pore (b) Cracking development (c) Surface cracking 

Fig. 5-21 Cover cracking process initiation from the interface defect 

At the moment of cover crackingラ K1can be determined [34] by following equation 

after including the c百ectivecrack propagation of the initial defect: 

K1 ニF;Pa~ (5-13) 

where a is the length of the initial defect, /j_a is the length of e妊ectivecrack propagation, 

Po is the critical corrosion-induced pressureラandF1 is given by 

F, _ A1/(1nb )°'3 + A1/(1nb )°'8 
－ 
j ~1-(1/b )0.25 

(5-14) 

in which 

{A，~ 0.854一1山 5一0.21

A2 ＝一0.114+1.193（α／c)°'s一0.656（α／c)2 
(5-15) 

b=(d/2+c)/(d/2) (5-16) 

If the parabola model of concrete materials is used to determine the softening 

characteristic of concrete cover and to consider the size and boundary effect of Kieラfj_a

can be given as 

fj_a ＝会（今） (5-17) 

where ft is the tensile strength of concrete. 

When the surrounding concrete is subjected to a corrosion-induced pressure Poラthe

corresponding mass of steel per unit length of the reinforcement being consumed by 

corrosion W as well as time to cover cracking t2 can be obtained from the radial 
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displacement of the concrete u1 [26, 28] on the surface of the reinforcing bars, i.e.ラ

u ＝凡（円＋do)I（円十d0 )2 + r22 . .. I 
E Ir｝－（円十d。)2 「｜

(5-18) 

where n is the radius of the reinforcement bar, r2= ri+do+c, do is the thickness of the 

annular layer of the concrete pores at the interface between the reinforcing bar and the 

concrete, μ is the Poisson’s ratio of concreteラandEis the c旺ectivemodulus of elasticity 

of concrete coveにwhichis given by 

E二三L
1.0＋θ 

(5-19) 

where Ee and θare the initial tangent modulus and creep coefficient of concrete cover, 

respectively. 

After determining the radial displacement of the concrete u1 by Eq. ( 5-18）ラ Wcan be 

given by 

W=J伊J(11+do +ui)2 -r,2 J 
n-1.0 

(5-20) 

where ρs is the mass density of reinforcing steelラandn is the ratio of the volume of 

expansive corrosion products to the volume of iron consumed during corrosion [26ラ28].

Also the formula of cracking time of concrete cover t2 (in years) is 

t2 = w2 /2k, 

where ks is a function of the rate of metal lossラi.e.ラ

ks= 0.196αm1i 

(5-21) 

(5司22)

where αis the ratio of the molecular weight of iron to the molecular weight of the 

corrosion products （α＝0.57), and i is the corrosion rate (μA/cm2). 

5.3.2 Stochastic model 

Corrosion-induced cracking of concrete cover occurs when its stress intensity factor K1 

exceeds the corresponding fracture toughness Kie. If fer represents the critical time when 

crack propagation arrives the cover surface (gained by the value of Kie of concrete cover）ラ

the following criterion can be used to define the occuηence of concrete surface cracking: 

f2 '?_fer (5-23) 

Just like the assessment of corrosion in concrete structureラwhetherthe surface cracking 

happen or not can be determined by the following performance criterion 

G2(X)=t口 －t2 (5-24) 

in which G2(X) is the performance function. The failure probability P1 of corrosion 
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initiation or surface cracking can be calculated as 

宅~J ＝ ξ ［G2(X）壬 0］＝ ξ~2 三 fer] (5-25) 

As introduced in Section 5.2.3.1ヲtheproposed 3M-3 method is also applicable (The 

details is not given). 

5.3.3 Durability assessment 

Note that. the corrosion and cover cracking are two stages, the failure time of cover 

cracking t2 in this Section 5.3.3 doesn't contain the time to corrosion initiation t1. 

5.3.3.1 Influence of the meαnvαlue of variables 

With the values of the basic variables that are deemed to be important for surface cracking 

in Table 5-2ラthecorresponding failure probability of cover cracking influenced by the 

mean values of these factors are listed in Figs. 5-22 to 5-29. From Figs. 5-22 to 5-29ラitis 

obvious that the probability of cover cracking increases rapidly after corrosion initiation. 

As shown in Fig. 5-22 and 5-23ラtheprobability of cover cracking in 0.1 year is given. 

The ratio of the volume of expansive corrosion products n is the most important factor.ラ

which depends on the environment of the RC structure is exposed to. The different 

corrosion products will have different volume expansions as presented in Table 5-3. It is 

shown that an increase of n from 2 to 4 can greatly shorten the structural lifetime. The 

similar rule of corrosion rate can be found in Fig. 5-23. At the time of 0.1year,0.5 μA/cm2 

increase of i can result in 3%～ 5% increase of the failure probability. 

Table 5-2 Values of the basic variables in the stochastic analysis of surface cracking 

Basic Coefficient of Distribution 
Mean Sources 

variables vanat1on type 

n 2 0.2 Lognormal [35] 

1.5 (1 to 2) μAlcm2 0.33 Normal [10] 

五 5.725 MPa 0.2 Normal [16] 

E 18820 MPa 0.12 Normal [16] 

d 25mm 0.2 Normal [16] 

K 1.118 MPa・m112 0.177 Normal [34] 

c 70mm 0.14 Normal [36] 
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Table 5-3 n for various corrosion products 

Fe(OH)3・3H20Fe(OH)3 Fe(OH)2 Fe203 Fe304 FeO 
Name of corrosion 

6.40 4.20 3.75 2.20 2.00 1.80 
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Fig. 5-23 Influence of ion Pρ Fig. 5・22Influence of n on Pρ 

The influence of cラ dand E on the probability of cover cracking is also obvious, as 

shown in Figs. 5-24 to 5-26. Within 0.5 year the variation of the mean value of c, d and 

E has a significant impact on the failure of cover cracking. The increase of cover thickness 

can delay the failure of cover cracking, as shown in Fig. 5-24. It worth noting that the 

failure probability in the case of the diameter of reinforcing bar 25mm is lower than that 

of d = 15mm and d = 35mm (Fig. 5-25）ラ whichmeans making d too great or too small 

will increase the probability of cover cracking. As shown in Fig. 5-26, Pρincreases with 

the increase of the elasticity modulus E. 

Contrary to the elasticity modulus of concreteラPρdecreaseswith the increase of the 

企acturetoughness K, as shown in Fig. 5-27. The similar rule can be found in Fig. 5-28, 

the tensile strength of concrete ft is also slightly influence the probability of cover 
cracking. The slightest influence factor is the length of the initial defect a, as shown in 

Fig. 5-29. 
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5.3.3.2 Lηfluence of the coぞfjicientof variation of variables 

The influence of the coefficient of variation on Pρis very different from the mean value 

of factorsラwhichis shown in Figs. 5-30 to 5-37. For all influence factorsラtheincrease of 

the coefficient of variation v will accelerate the failure of cover cracking. 

As shown in Figs. 5-30 and 5-31, the influence of Vn and Vi is the most significantラ

which is the same with the influence of their mean value. In Fig. 5-31, there is a turning-

point in the case of Vi = 0.6ラwhichmeans in the case of Vi is very large, Pρwill increase 

rapidly after corrosion initiationラthenthe increase rate will become slow. 
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The coe旺icientof variation of d also has obvious influence on Pρ，as shown in Fig. 5-

32. Thus controlling VJ under 0.2 is significant in reducing the出kof cover cracking. 

From Figs. 5-33 to 5-35 we can seeラthecoefficients of variation of E, K and ft are 

slightly influence the probability failure of cover cracking. 

Di旺erentfrom the mean value ofιthe influence of the coefficient of variation of c on 

Pρis negligibleラasshown in Fig. 5-36. And both of the mean value and the coefficient of 

variation of a have the slightest influence on the failure probability of cover cracking. 

Fig. 5-30 Influence of Vn on PJ2 
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5.3.3.3 Influence ザthedistribution砂peof variables 

The influence of the distribution type on P fl is di旺erentfrom the analysis on Pハラasshown 

in Figs. 5-38 to 5-45. For most influence factorsラtheresult of P12 when influence factors 

obey gumbel distribution is very different from other casesラasshown in Figs. 5-38 to 5-

43. In Fig. 5-38 and 5-39ラthegumbel distribution of n or E will decrease the failure 

probability of cover cracking. On the contraryラthegum be I distribution of d, Kand ft will 
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increase the failure probability of cover crackingラasshown in Fig. 5-40 to 5-42. 
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Kon Pρ 

In Fig. 5-43ラatthe beginning of curve, the gumbel distribution of i will cause a great 

Pβラafterthe turning”pointラthegumbel distribution of i will decrease the Pρ． 
The influence of the distribution type of n is not obvious (Fig. 5-44）ラwhichis opposite 

to the influence of the mean value of nラwhilethe influence of the distribution type of a 
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on Pρis negligibleラconsistentwith the influence of its mean value. 
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5.4 Conclusion 

After improving the analytical solutions of corrosion initiation and surface cracking of 
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corroded RC structuresラthestochastic models of corrosion-induced failure are developed 

by using the proposed 3M method. With such modelsラ thetime when the structure 

approaches an unacceptably probability of corrosion-or cracking-induced failure can be 

obtained, and thus the required time of repair can be carried out with confidence. Based 

on such models, the different effects of many influencing factors on the time-dependent 

probability of corrosion initiation and surface cracking are also discussed. From the 

investigation of the present study.ラthefollowing conclusions can be obtained. 

(1) The proposed 3M method was proved to be much simpler and more efficient than 

traditional methods like MC simulation in the stochastic analysis of corrosion initiation 

and surface cracking. 

(2) The increase of corrosion probability is slow, while the increase of cover cracking 

probability is quite rapid. Thus taking measures to prevent the diffusion of chloride ions 

is significant. 

(3) The results clearly demonstrate th剖thedistributions of influencing factors have 

almost no effect on the failure probability of corrosionラ whereasthe mean of basic 

variables or its coe百icientof variation affects it to various extents. 

(4) The gumbel distribution has a remarkable influence on the cover cracking 

probability, while in the analysis of corrosion probability.ラ theinfluence of gumbel 

distribution is negligible. 
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CHAPTER6 

Conclusions 

Civil infrastructure facilities must be designed to satisfy the service requirement and 

withstand environmental events such as earthquake and wind. In engineering designラan

important consideration is how to handle the unavoidable uncertainties of the 

environmental even臼 andensure structural safety. 

The traditional FORM and SORM are proved to be complicated and not accurate 

enough. In this study, a simple and accurate 3M methodラwithwider applicable range and 

less mathematical limitation was proposed. In the existing 3M methods, there is either 

square root or antilogarithm in the equation of reliability calculation. In the proposed 3M 

method, the exponential function was used to replace the function wi血squareroot and 

antilogarithm. Then the proposed 3M method was applied to the calculation of simple 

structures and systems, respectively. Its application was verified by several examples. 

In cuηent codes and guidelinesラtheload and resistance factors (LRF) are used for 

reliability design. And the target reliability is used to ensure structural safety. Compared 

with the first and second order reliability methodsラthethird-moment (3M) method offers 

advantages in both simplicity and accuracy. Howeverラitleaves much to be improved, 

such as the one time iteration and applicable range limitation. With the proposed 3M 

methodラthecomputation process of load and resistance factors was simplified to no 

iteration. Simultaneouslyラtheaccuracy of the proposed 3M method was ensured. 

The number and the diversity of loads were also considered when the new formula of 

target mean resistance was given. Analysis results show that the influence of the number 

of load on the calculation of the target mean resistance is negligibleラwhilethe diversity 

of loads has remarkable influence on the calculation of the t訂getmean resistance. With 

several examplesラinwhich the influence of different number, mean valueラcoefficientof 

variationラanddistribution of loads was considered, the application of the new method 

was verified. Finallyラseveralload combinationsヲinwhich the snow load and wind load 

were consideredラwereproposed to investigate the application of the proposed method. 

The results show that comparing with other methodsラtheproposed method has either the 

same or higher accuracy. 
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Based on the proposed 3M method, a full set of methods for evaluation of structural 

durability were given. The analysis includes two parts: the corrosion initiation and the 

cover cracking of RC structuresラwhichare two main points to judge structural failure. 

Firstlyラtheanalytical models of corrosion initiation and cover cracking were improvedラ

respectively. In the analytical model of chloride-induced corrosionラtheinitial micro” 

cracking, for its influence on the whole diffusion process of chloride ionsラwasconsidered. 

And the concept of the crack rate was proposed to qualify the influence level. Then in the 

analytical model of cover cracking, the stress intensity factor arriving to the fracture 

toughness was considered as the limit state of failureラ whichis more reasonable to 

comp訂ewith judging failure with tensile strength. And the initial defect in concrete was 

considered as an influence factor in the analysis of cover cracking. This is more 

reasonable because many initial defects such as micro pore structures and random fine 

cracks occur during the formation of the concrete mixture. 

The failure probabilities of corrosion initiation and cover cracking calculated by the 

proposed 3M method are compared with MC simulation. The results show that the 

proposed 3M method has enough accuracy in the assessment of durability. Compared the 

corrosion time and cover cracking time, after corrosion initiation the failure of cover 

cracking increases rapidly. Thereforeラpreventingthe diffusion of chloride ions is a good 

way to prolong structural lifetime. The mean valueラ coe伍cientof variationラ andthe 

distribution of influence factors are analyzed, respectively. The results show that the 

coefficient of variation and the mean value of influence factors have very different 

influence on the analysis of failure probability. There is not inevitable connection with 

the mean value and the coefficient of variation of the influence factors. Moreover, the 

distribution type of influence factors has almost no influence on the analysis of corrosion 

initiation, while in the analysis of cover cracking analysis, the Gumbel distribution of 

some influence factors affects the failure probability a lot. 
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